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Physico-chemical justification and experimental verification
of a waste-free method of oxidative dephosphorization
of a high-phosphorus manganese alloy

Kawmkina JI1.B., Beauuko K.O., Beauuko O.I'., An2 /Jocoxya
Diznko-xiMmiuHe 00IPYHTYBAHHS Ta eKCIIEPUMEHTAJIbHA MepeBipka
0e3BiIX0aHOr0 crocody okucHoi aedocdopaiii
BUCOKO(DOCHOpPUCTOr0o MAPraHUEBOro CIJIABY

Mema docnidxeHHs: hi3uKko-xiMidyHe 0brpyHmyeaHHs1 yMo8 rnpouecy ma po3pobka pauioHasibHO20 anzopummyoOHO-
cmadiliHo2be38i0x00H020 criocoby okucHo20 deghocghopysaHHsI 8UCOKOGhocghopucmoeo MapeaHyegoeo crinasy. Me-
modu: mepmModuHaMiyHUl aHari3 OCHOBHUX peakuill Mpu oKucseanbHOMy pacghiHyeaHHi MapeaHUuesux criiagie 3 8Uuco-
Kum emicmom ¢pocghopy. ExcrniepumerHmarbHa repesipka 0CHogHUX cmadil pagpiHysaHHs1. Pesynbmamu: Po3ansHymo
pisuko-ximidHy cymHicmp rnpouecy pagiHygaHHs1 UCOKOGhOoCghopuCMOo20 MapaaHye80:2o0 crnasy, siKull rnorseae y cmeo-
PEHHI yMO8 01151 OKUCHEHHS 8 Criiiasi MapaaHyfo, 8yareyro ma KpemHito. TepmoduHamidHuUl npoeHo3 nepebiey peakuili 3a
3adaHux yMo8 OKUCHO20 paghiHy8aHHs CyrymHb020 Memarly niomeepoxye MOX/IU8iCMb OMPUMaHHSI MPbOX NMPooyKmia:
Mmarnogocehopucmoezo MapaaHyeeoeo wWiaKy, 3ani3Ho2o posnnasy ma ¢hochopo8MICHO20 wiiakKy 3 eMiCmoM OKcudy
gocghopy 18-20 %. (pocghopHe Aobpuso). Haykosa Hosu3Ha: 3a pesynibmamamu 8UCOKOMeMepamypHoO20 Mamema-
Mu4YHO20 MOOErTr8aHHS 8CMaHOB/IeHO, WO HaUbInbWw payioHanbHe CroXUsaHHS KUCHIO, sike 3abesrnedye 00CA2HEeHHS
rnocmasreHux 3aedaHb, cmaHosums ~ 13 M°. B sKkocmi okucoeaqa 00UiIbHO 8UKOPUCMOBY8amu KUCeHb, U0 Hady-
8aembCsi 108impsimM, siKull 8800siMb y 8aHHY KOH8epmepa 3a 00roMoeoto HadyeHoe2o corina 38epxy. [pu uyboMy 3aeanbHa
sumpama rnosimpsi Ha 100 k2 crinagy nosuHHa 6ymu 651u3sbko 50 M°. MpakmuyHa uiHHicms: Y po6omi Ha 0CHO8i mepmo-
OuHaMiYHO20 MpPo2HO3y Mo8eOdiHKU enleMeHmig CyrymHb020 Criiiagy 8 OKUCHUX yMO8aX, OUiHKU MePMIYHOI CrmopoHU npo-
uecy ma rnodasnbloi ekcriepuMeHmarbHOI nepesipku ompuMaHo pe3ysibmamu, SKi MiomeepoXXyomb MOXIIUSICMb CMeo-
peHHs1 6e38i0X00HOI MEXHOM02iYHOI cxeMu paghiHy8aHHS 8UCOKOghocghopucmozo crinasy. Y ubomy sunadky paghiHy8aHHs
crinagy OouinbHO Mpogodumu 8 ymosax, HabnuxeHux 0o yMo8 cy4acHo20 8UpobHuUUymea manogocgopucmux MmapaaH-
uesux wrakis, rpu KoMy memrepamypa cynymHboeo criiagy cmaHosums 1320...1350°C.

Knroyoei cnoea: enekmpomemarypeailiHe deghocghopysaHHs Map2aHU,e8020 KOHUeHmpamy, MamnogocghopHuli MapaaH-
uesul wirak, sUcokoghocchopHa MapeaaHyesa slicamypa, KUCeHb, Mosimpsi, KUCHe8ul KoHeepmep, rnpodye8aHHs.

The purpose of the study: physicochemical justification of the process conditions and development of a rational algorithm
for a single-stage waste-free method of oxidative dephosphorization of a high-phosphorus manganese alloy. Methods:
thermodynamic analysis of the main reactions during oxidative refining of manganese alloys with a high phosphorus
content. Experimental verification of the main stages of refining. Results: The physicochemical essence of the refining
process of a high-phosphorus manganese alloy, which consists in creating conditions for oxidation in the alloy of manga-
nese, carbon and silicon, is considered. The thermodynamic forecast of the course of reactions under the given conditions
of oxidative refining of the associated metal confirms the possibility of obtaining three products: low-phosphorus manga-
nese slag, ferric melt and phosphorus-containing slag with a phosphorus oxide content of 18-20% (phosphorus fertilizer).
Scientific novelty: Based on the results of high-temperature mathematical modeling, it was established that the most
rational oxygen consumption, which ensures the achievement of the tasks, is ~ 13 m®. As an oxidant, it is advisable to
use oxygen blown by air, which is introduced into the converter bath using an inflatable nozzle from above. In this case,
the total air consumption per 100 kg of alloy should be about 50 m®. Practical value: In the work, based on the thermody-
namic forecast of the behavior of the elements of the accompanying alloy in oxidizing conditions, assessment of the
thermal side of the process and further experimental verification, results were obtained that confirm the possibility of
creating a waste-free technological scheme for refining a high-phosphorus alloy. In this case, it is advisable to carry out
the refining of the alloy in conditions close to the conditions of modern production of low-phosphorus manganese slag, in
which the temperature of the accompanying alloy is 1320...1350°C.

Keywords: electrometallurgical dephosphorization of manganese concentrate, low-phosphorus manganese slag, high-
phosphorus manganese ligature, oxygen, air, oxygen converter, blowing.

Introduction

Manganese ferroalloys are widely used in the
smelting of steel and alloys, mainly in the form of ferro-
manganese and ferrosilicomanganese. When ferro-
manganese is smelted in ore reduction furnaces, fer-
romanganese brands and phosphorous slag are ob-
tained. The main component of the charge in the smelt-
ing of manganese alloys is low-phosphorus slag, which
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is obtained from manganese concentrates in ore re-
duction furnaces by selective reduction of elements.
From a thermodynamic point of view, phosphorus has
a lower affinity for oxygen than manganese. This fea-
ture is used for the carbon reduction of phosphoric an-
hydride coke, iron oxides, all higher manganese ox-
ides, as well as 5-10% manganese oxide to metallic
manganese with the production of low phosphorus
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manganese slag and a small amount of metallic phase
based on manganese, iron, silicon, phosphorus and
carbon. At the same time, almost all manganese oxide
and silica turn into slag. The established features of
dephosphorization of manganese-based alloys can be
used to justify a rational technological scheme and es-
tablish an effective algorithm for refining the accompa-
nying high-phosphorus manganese alloy from phos-
phorus.

Such an alloy with a high phosphorus content is a
waste of the existing method of producing low phos-
phorus manganese slag. The alloy has the following
chemical composition, %: Mn - 64.6; Si- 0.75; C - 5.8;
P - 1.37; Fe is the rest. The output of the accompany-
ing alloy when smelting 1 ton of slag is about 96 kg. At
the same time, up to 50 kg of manganese is lost for
every ton of phosphorous slag, which leads to the ac-
cumulation of manganese waste with a high phospho-
rus content, which has limited use. the possibility of its
use in justifying the conditions of oxidative refining, tak-
ing into account the different chemical affinity of the al-
loy elements (Mn, P, Si, C, Fe) to oxygen. At the same
time, the final goal can be not only the production of
commercial ferromanganese and slag with a high
phosphorus content [1], but also the creation of a
waste-free technology with the production of two prod-
ucts of different functional purposes - slag and metal.

Analysis of the features of the physical and
chemical interaction of the elements of the accom-
panying manganese alloy in the conditions of oxi-
dative refining.

The thermodynamic forecast of the course of the
process of refining manganese alloy from phosphorus
and other impurities, as well as the results of experi-
mental verification, indicate the impossibility of increas-
ing the efficiency of the process, in our opinion, without
creating special conditions for its intensification. An in-
crease in process indicators can be achieved by carry-
ing out oxidative refining of the alloy by blowing it with
a gaseous oxidizer. At the same time, the negative ef-
fect, which will manifest itself in a significant increase
in the temperature of metal and slag, must be trans-

formed into the advantages of the process, for exam-
ple, by using melting coolants (gaseous, solid or lig-
uid), the amount and composition of which will not de-
crease, but when certain refining conditions are cre-
ated, will increase metallurgical value of refining prod-
ucts.

The choice of parameters of oxidative refining of the
alloy, which will determine the features, mechanism
and course of dephosphorization, depends not only on
the initial composition of the alloy and slag-forming
agents, but also on the new properties that the system
acquires under the influence of external factors. The
parameters of these effects on the studied process can
be changed depending on the technological problems
solved during the process in order to regulate the
speed and direction of the main reactions of alloy refin-
ing.

Rational parameters of the refining process require
the creation of a model of physical and chemical inter-
actions between the reacting components based on a
thermodynamic forecast of the course of the main re-
actions, an assessment of the thermal side of the pro-
cess taking into account the known and established
features of the kinetics of the processes under the
given conditions of smelting. For the conditions of oxi-
dative refining of a manganese alloy as one of the fac-
tors that determines its physical and chemical proper-
ties and the course of oxidation of alloy impurities, it is
advisable to use the chemical affinity of the elements
of the melt to oxygen. Since manganese is character-
ized by a chemical affinity for oxygen greater than that
of iron [2, 3], it is practically impossible to effectively
remove phosphorus in slag without significant losses
of manganese through oxidative refining.

Phosphorus, which is contained in manganese ore
concentrates) in the form of anion P0O3~, is adsorbed
by manganese hydroxides and oxides, and is also rep-
resented by calcium phosphates [4-7]. In the process
of smelting manganese ferroalloys, phosphorus is al-
most completely reduced not only by carbon, but also
by silicon and manganese and turns into manganese
ferroalloys [8-11].

The following manganese phosphides exist in the Mn—P system [12, 13]:

Manganese phosphide MnsP

Mn2P MnsP2 MnP

Phosphorus content in phosphide, %wt. | 15,82

21,99 27,32 36,06

Table 1 Changes in the thermodynamic parameters of the main reactions during the oxidative refining of a

manganese alloy with a high phosphorus content

No. | Reaction Thermodynamic parameters at 1500°C

AH, kJ AS, JK AG, kJ
1 2Mn3sP + 5,502(g) = 6MnO + P20s -3367.019 -748.907 -2039.094
2 2MnP + 3,502(g) = 2MnO + P20s -1957.288 -511.493 -1050.334
3 2Mn2P + 4,502(g) = 4MnO + P20s -2585.445 -650.295 -1432.374
4 5Mn + P20s5 = 5MnO + 2P -595.446 -36.214 -531.234
5 2Fe + O2(g) = 2FeO -476.438 -99.367 -300.246
6 Si + FeO = Fe +SiO2 -470.537 -98.685 -295.554
7 7 MnO + C = Mn + CO(g) 288.379 172.248 -17.042
8 MnzP = 2Mn + P 209.509 45.040 -5.476
9 MnsP = 3Mn + P 274.350 101.357 -6.727
10 | MnP=Mn+P 170.308 43.343 -6.234




As shown in [13], there is a stronger interaction be-
tween Mn and P atoms than between Fe and P atoms.

Thermochemical calculations of the main reactions
that can be carried out under the conditions of oxida-
tive refining of a manganese alloy with an increased
phosphorus content were performed using the
FactSage package, which consists of a number of in-
formation, database, calculation and manipulation
modules that allow access and manipulation of pure
substances and databases solutions [14].

According to the data presented in the table 1, man-
ganese phosphides have high strength and their dis-
sociation is possible at a fairly high temperature: reac-
tion (8) - ~ 4500°C; (9) - ~ 2500°C; (10) - ~ 3800°C.
Analysis of thermodynamic conditions shows that the
essence and mechanism of physicochemical transfor-
mations during oxidative refining of highly phospho-
rous manganese can be as follows. The high thermo-
dynamic strength of Mn2P, MnsP and MnP phosphides
presupposes primarily reactions (1)-(3) with the for-
mation of MnO and P20s. Simultaneously with these
reactions, the reaction of manganese oxidation of the
alloy develops during interaction with P2Os and the for-
mation of slag based on manganese oxides and phos-
phorus, which dissolves in iron, creating a metallic
phase. In this case, the physicochemical model of oxi-
dative refining of a manganese alloy with a high phos-
phorus content will be determined by the factors of
thermodynamics and real kinetics. The simultaneous
implementation of reactions not forbidden by thermo-
dynamics with a speed determined by the chemical af-
finity of the elements to oxygen and their mutual influ-
ence is taken into account. In addition, the exothermic
nature of oxidation-reduction reactions (except for the
reaction of carbon oxidation with iron oxide), the arrival
of thermal energy from which leads to a significant in-
crease in the temperature of slag and metal, which re-
quires the creation of a cooling effect by adding melt
coolers. The high chemical activity of manganese to
oxygen creates conditions for intensive oxidation of
manganese, and "protects" phosphorus and iron from
oxidation with the formation of a metallic phase. The
formation of the slag phase on the basis of manganese
oxide and cooling materials, the quantitative ratio of
which ensures in the process of oxidative refining the
necessary melting temperature of the slag phase, its
fluidity and, accordingly, the achievement of high refin-
ing speeds.

Thus, the main provisions that can be used in justi-
fying the scheme and establishing rational parameters
of oxidative refining of the alloy were adopted: higher
chemical affinity of manganese to oxygen compared to
phosphorus; exothermic nature of the oxidation reac-
tions of manganese, silicon, iron and carbon with oxy-
gen; the need to cool the melt during the oxidative re-
fining of the alloy [15]; exclusion from the composition
of lime smelting coolers [16]; approximation of the av-
erage temperature of the process to the initial temper-
ature of the highly phosphorous alloy of current pro-
duction [17].
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In order to create a rational method of dephosphor-
ylation of manganese alloys that is efficient in terms of
costs and results, an analogy was drawn between the
physical and chemical features of the redistribution of
melts based on iron and manganese. Under the condi-
tions of steel melting in the oxygen converter, the ex-
cess amount of elements of the iron-carbon melt is ox-
idized by blowing oxygen and iron oxides (except for
sulfur, the transition of which is carried out by an ex-
change-type reaction). At the same time, a mandatory
condition for effective desulfurization is the creation of
the main slag. The oxygen-converter process is also
characterized by the gas mode of its implementation,
as a result of which steel and an inevitable by-product
are obtained - slag, in which harmful impurities, includ-
ing phosphorus, are assimilated.

The production of manganese alloys is carried out
under reducing conditions by endothermic reactions of
carbon-thermal reduction of manganese, silicon and
iron oxides using external sources of thermal energy.
When working with manganese raw materials, several
technologies are implemented to obtain at least two
types of materials and, accordingly, two types of waste
[18]. These features are determined by the fact that the
phosphorus of well-known manganese phosphides,
which have a fairly high strength, is largely transferred
from the ore raw material to the alloy, and when the
necessary conditions are created, it can be assimilated
by the slag or remain in the alloy [11]. From a physic-
chemical point of view, the implementation of
dephosphorization of a highly phosphorous manga-
nese alloy with the production of an additional amount
of commercial ferromanganese by a method similar to
the dephosphorization of steel (ferrite method) using
basic slag is practically impossible, since manganese
has a greater affinity for oxygen than iron [2].

During steel smelting, dephosphorization takes
place with the participation of the slag phase contain-
ing (FeO) as an oxidant, according to the correspond-
ing reaction:

2[P]+5(Fe0O)+4(Ca0)=(4Ca0O-P20s)+5[Fe] (1)

Under the conditions of ferromanganese produc-
tion, such an oxidizing agent can be (MnO) according
to the reaction:

2[P]+5(MnO)+4(Ca0)=(4Ca0-P20s)+5[Mn], (2)

Calculations showed that this reaction in the direct
direction does not occur, since manganese has a
greater affinity for oxygen than phosphorus. Manga-
nese acts as a reducing agent of phosphoric anhy-
dride, even if phosphoric anhydride is bound to calcium
oxide:

(4Ca0-P205)+5[Mn]=2[P]+5(MnO)+4(Ca0) (3)

However, in the conditions of refining an alloy with
a high phosphorus content, the reaction of oxidation of
phosphorus by iron oxide, which occurs intensively
during steel smelting, will not lead to a significant de-
crease in the phosphorus content in the alloy, since
during the refining of ferromanganese simultaneously
with this reaction, the reduction of phosphoric anhy-
dride by the manganese of the alloy will more likely oc-
cur by reaction (3). As a result of the simultaneous flow
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of reactions (1) and (3), iron oxide will oxidize manga-
nese with its transition into the slag phase. Thus, in the
conditions of ferromanganese smelting, oxidative refin-
ing of ferromanganese from phosphorus is practically
impossible thermodynamically. The main idea that de-
termines the final results of refining in its development
is to create conditions for the predominant oxidation of
manganese, oxidation of a certain part of carbon and
silicon with the formation of a low-phosphorus slag
based on manganese and metal oxides based on iron
and phosphorus.

In order to justify the rational physical and chemical
conditions for the oxidative refining of the accompany-
ing manganese alloy, thermodynamic calculations of
the forecast of the behaviour of the elements in the
conditions of the oxidative refining of the alloy were
carried out. In the future, based on the results of the
thermodynamic forecast and the established kinetic
laws of the process, it is necessary to substantiate the
optimal conditions and propose a technological
scheme of refining, which will ensure the implementa-
tion of a waste-free method of oxidative refining of the
alloy.

When calculating the values of changes in Gibbs
energy for the reactions that take place during the oxi-
dative refining of the accompanying manganese alloy,
in order to approximate real conditions, the values of
changes in AG of dissolution in iron C, Si, Mn, and P
were taken into account according to the expressions
given in [19]. The results of calculations of changes in
the Gibbs energy of the studied reactions as a function
of temperature confirm the possibility of creating the
necessary conditions, which in the process of oxidative
refining of the accompanying manganese alloy with a
high content of phosphorus, will ensure a significant
minimization of the oxidation of phosphorus in the alloy
and its transition to the slag phase. In this case, silicon,
manganese, iron and carbon of the metal alloy will
"protect" phosphorus from oxidation.

One of the most important parameters of the oxida-
tive refining of a by-metal is the temperature of the pro-
cess. Taking into account the fact that the temperature
of the accompanying metal according to the current
low-phosphorus slag smelting technology is about
1350°C, the interval of 1400...1600°C was previously
adopted as the most rational temperature interval for
the release of refining products, with the possibility of
approaching the temperature at the outlet to the tem-
perature of the original accompanying metal. The
adopted temperature interval is justified by the fact that
when using only air blast as an oxidizer, without addi-
tional cooling of the melt, the final temperature can
reach 2000°C, which requires the use of solid coolers
of the melt. Another, no less important parameter of the
oxidative refining of the accompanying metal is the
amount and type of oxidizing agent. To ensure the
maximum degree of oxidation of manganese and min-
imum phosphorus, it is advisable to use a combination
of two types of oxidizing agents - gaseous and solid.
Air is chosen as the main oxidizing agent necessary for
the intensification of the process. Its use in the refining

of the accompanying metal is justified by the possibility
of obtaining two positive effects of synergy: oxidation
of elements (Mn, Si and C) with air oxygen and cooling
of the melt with air nitrogen. In the case of a significant
increase in the temperature of metal and slag at the
outlet, its reduction can be achieved by adding materi-
als that are effective coolers, for example, rolling slag.
According to data [20], the cooling effect of scale is
about 4 times higher than that of scrap metal.

Thus, when using rolling slag in the process of oxi-
dative refining of the accompanying metal, two more
positive effects can be realized: cooling of the melt and
additional oxidation of alloy impurities. The total cool-
ing effect for the option of implementing the process at
1500°C is determined by the difference between the
heat input from the oxidation reactions of silicon
(~ 17,000 kJ/kg silicon), manganese (~ 3,000 kJ/kg
manganese), iron (~ 4,250 kJ/kg iron) and heating
costs melting coolers to a given temperature (slag,
SiO2, MgO, etc.), dissociation of iron oxides that are
part of the slag: Qre2os = 5.134kJ/kg and
Qreo = 3.744kJ/kg, the implementation of the endother-
mic reaction of carbon alloy oxidation by iron oxide to
CO (~ 9500 kJ/kg of carbon). According to calcula-
tions, the specific heat consumption when using slag
is about 4200 kJ/kg of slag. Heat losses in the con-
verter-type unit are estimated to be 3.5% of the total
heat energy input. Heat losses with exhaust gases,
which are formed during oxidative refining of manga-
nese alloy with air blast (N2 and CO), were also taken
into account.

In order to establish the possible influence of oxy-
gen consumption (O2 of air blowing and oxygen of iron
oxides (FeO + Fe203) and process temperature on in-
dicators of oxidative refining of manganese alloy (com-
positions of metal and slag), data were obtained that
establish a relationship between oxygen consumption
and compositions of slag and metal phases for the con-
ditions of oxidative refining of the alloy at different tem-
peratures of 1400...1900°C. The given values of
changes in the Gibbs energy of the investigated reac-
tions as a function of temperature confirm the possibil-
ity of creating the necessary conditions that, in the pro-
cess of oxidative refining of the accompanying manga-
nese alloy with a high phosphorus content, will ensure
a significant minimization of the phosphorus oxidation
of the alloy and its transition into the slag phase. In this
case, phosphorus will be "protected" by silicon, man-
ganese, iron and carbon of the metal alloy.

The analysis of the obtained dependences of the
compositions of the metal and slag phases on the ox-
ygen consumption and the temperature of the process
allows us to assume that when using ~ 13m?3 of oxygen
for the entire refining process of highly phosphorous
metal, the achievement of the set tasks is ensured -
obtaining manganese low phosphorous slag and a
metal phase based on iron and phosphorus. When
only air blowing is used as an oxidizer, the air con-
sumption, which will ensure that 13 m3 of oxygen en-
ters the bath, is about 61.9 m? (oxygen - 13 m? and



nitrogen - 48.9 m3). A decrease in the oxygen con-
sumption below 13m3 per 100 kg of alloy leads to a
decrease in the content in the slag phase (MnO), an
increase in the air consumption above 13m? in the in-
vestigated temperature range (1400...1900°C) - to a
decrease in the content in the slag (MnO) due to an
increase in it content (FeO). The intensity of formation
(FeO) will increase with a decrease in the content of
carbon, silicon and manganese in the metal. At the
same time, a decrease in temperature by 100°C leads
to a decrease in the completeness of the transition of
manganese to slag by ~ 0.8%. Increasing the temper-
ature of the process by 100°C increases the phospho-
rus content in the slag by 0.7% while increasing the
FeO content in it by ~ 0.9%.

Based on the analysis of the obtained data, no sig-
nificant effect of temperature on the composition of the
slag and metal phase at a constant oxygen consump-
tion was found. the ambient temperature of the release
of slag and metal melts is determined by the melting
temperature of low-phosphorus manganese slag,
which is about 1400°C, which is significantly higher
than the melting temperature of the remains of the iron-
based metal phase, which contains 4-6% phosphorus.

Experimental evaluation of the refining effi-
ciency of the accompanying manganese alloy un-
der oxidizing conditions.

Experimental melting was carried out on a high-
temperature model of a 30 kg converter-type unit with
a magnesite lining. As an object of refining, the accom-
panying manganese metal obtained during the produc-
tion of low-phosphorous manganese slag in the
amount of 30 kg with the following composition in % by
weight was used: Mn -50.00; Fe — 42.00; C — 3.50;
Si—0.20; P —4.30.

As a gaseous oxidizer, air was used, which was in-
troduced from the compressor into the liquid alloy
through the upper blowing two-nozzle lance, which
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was cooled by running water. The specific air con-
sumption per nozzle was 0.55 m3/min. The inner diam-
eters of the nozzles of the blowing nozzle were equal
to 3.8 mm. The temperature of the accompanying
metal, which was melted in the induction furnace, was
1320°C. The lining of the melting unit was heated up to
~ 1200°C before the experimental companion metal
was released into it. The location of the lance above
the level of the still metal was 76 mm (20 calibres). The
blowing time is 13 minutes. The total time of the pro-
cess of oxidative refining of the accompanying manga-
nese metal with three times the addition of flux
(3:0.5 min.) was ~ 14.5 min. Flux additives were made
using briquettes based on them (diameter - 3.2 cm;
thickness - 3.5 cm). The temperature of the metal melt
was measured using a BP5/20 thermocouple im-
mersed in the melt: the first measurement - after the
release of the accompanying metal into the laboratory
unit, the following - before the introduction of the flux,
the last temperature measurement was carried out
0.5 minutes after the end of purging.

The introduction of additives on the surface of the
liquid bath was carried out with the cessation of air
blowing of the metal bath for 0.5 min. The first portion
was placed on the surface of the metal bath after blow-
ing for 2 minutes; the second - after blowing for
4 minutes; the third - after blowing for another 4
minutes. After the addition of the last portion of addi-
tives, purging was carried out for 3 minutes, which is
necessary to maintain the slag in a liquid state, to im-
plement the final period of oxidation of manganese with
air oxygen, to raise the temperature of the slag and
metal residues to the outlet temperature
(~1550...1600°C) and to average the metal and slag
phase by chemical composition and temperature. At
the end of the process, slag and metal samples were
taken and their chemical composition was determined.

Table 2. Results of experimental high-temperature modeling of oxidative refining of highly phosphorous metal

No. Type of product of oxidative refining T,°Con
Low-phosphorus manganese slag, %wt. | Metal phase (ferrophosphorus), %wt. release
MnO FeO SiO2 P20s Fe Mn P Si
1 69.30 1.58 31.80 0.01 86.60 6.99 6.38 0.002 1530
2 73.8 1.25 29.7 0.02 85.40 6.57 6.30 0.003 1410
3 8.5 18.5 remain- | 2.7 0.002 1540
der

The temperature of the metal before the introduc-
tion of the first portion of the fluxes onto the surface of
the melt was ~ 1425°C; before introducing the second
portion of the melt onto the surface ~ 1495°C; the third
~ 1550°C. The temperature at the end of the oxidation
refining process before the release of slag and metal
was about 1595°C. As a result of the implementation
of the method of refining 30 kg of accompanying metal
(waste from the production of low phosphorous slag) in
laboratory conditions using a high-temperature model
of the converter type, low phosphorous slag in the
amount of 25.6 kg (melt No. 1) and a metal close in
composition to ferrophosphorus in the amount 17.4 kg.

The obtained ferrophosphorus in a liquid state was
transferred to the converter, limestone was loaded and
melt blowing was carried out. As a result, a commercial
metal containing 2-3% Mn was obtained, the rest - iron
and slag with a P2Os content of 18-20%, the rest CaO
SiO2. Such slag can also be used as a phosphate fer-
tilizer.

The obtained results indicate the expediency of us-
ing in industrial conditions of refining a highly phospho-
rous manganese alloy in oxidizing conditions using air
blowing.

The choice of the most rational algorithm for the
mode of blowing and slag formation is determined by
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the peculiarities of the real kinetics of oxidation reac-
tions, mainly by the change in the intensity of the car-
bon oxidation reaction of the metal melt. With a signifi-
cant increase in the intensity of carbon oxidation, which
corresponds to an increase in temperature to ~1450°C
and leads to a significant increase in gaseous products
formed in the volume of the metal melt, it is advisable
to reduce the specific air consumption during this pe-
riod. After the introduction of flux additives and scum
for cooling the metal bath, with a significant decrease

in the carbon content in the metal (~ to 0.2 + 0.3%), the
specific air flow can be increased to the optimal level.

In work based on thermodynamic forecast the be-
havior of the elements of the accompanying alloy un-
der oxidizing conditions, evaluation of the thermal side
of the process and further experimental verification, the
results were obtained, which confirm the possibility of
creating a waste-free technological scheme for refining
a highly phosphorous alloy (Fig. 1).

(PML) in ingots (PM) Phosphorus- (CM)
containing Metal Commodity Metal
R | Sl Limestone Lime
Si 0.2-0.4% PML by . Limestone Mn 2-3%
P 1.5.2.5% in ingots (8-10t) P 5% PM —* Fe all the rest
PML c 1.5% melt up to 6t
e S molten
Fe allthe rest from the ladle Fz | Sldees
l approx. 7t
ILU
PML PM B cM
u( molten melt melt
—— —
‘ Pl S LPMS - PS
!A (LPMS) (PS) Phosphate Slag
f 1 Low-Phosphorus 1 T fertilizer
N 0,,CH N 0,,CH
PML 2 2: 4 Manganese Slag 2 2 4 S0, 10 8%
melt H
MnO 75-80% P,0s 18-20%
deh | eHRR Ca0  50-55%
i Bl —> ORF —> FeMn FeO  20-25%
approx. 16t solid approx. 3t
EAF or IF Ladle GOR unit #1 Ladle GOR unit #2 CM
(101) (101) (201) (oY) (9-101) (up to 61)

PML up to 1500°C PM melt - 1450-1550°C PM melt - 1450°C

PM melt - 1450-1550°C PM melt - 1450°C CM - 1600-1650°C

Fig.1. The technological flow chart for processing of phosphorus-containing manganese ligature (PLM)

The classical scheme of ferromanganese alloys
production under the conditions of recycling high-phos-
phorus manganese ores of the Nikopol deposit has
been significantly changed. Under the leadership of
Academician Gasik M.I. specialists of the former Dne-
propetrovsk Metallurgical Institute and Nikopol Ferroal-
loy Plant proposed and adopted the technology of
smelting first low-phosphorus manganese slag from
the concentrate of high-phosphorus manganese ore,
and then, using this slag, proposed to smelt high-qual-
ity ferromanganese. Low-phosphorus manganese slag
contains 38-39% Mn (50-51% MnO), 32-34% SiO2
and 0.02% P and serves as a quality material for smelt-
ing manganese alloys in ore-recovery furnace.

Iron, phosphorus and partially manganese reduced
during processing form a metallic melt with high con-
tent of manganese and phosphorus. The composition
of the melt, which was determined at the plant as a lig-
ature, is manganese - 55-65%, carbon - 5-6%,
silicon - 0.2%, phosphorus - 1.5-2.5% and the rest -
iron. Up to 50 tons of such ligature are smelted per day.
The produced melt is a valuable material in terms of
manganese content, but high concentrations of phos-
phorus make its use impossible. Tens of thousands of
tons of ligature in ingots are stored and await pro-
cessing using efficient technology.

Therefore, processing of phosphorus manganese
ligature, a valuable by-product of low-phosphorus
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manganese slag smelting, is an urgent and demanded
task.

The performed laboratory research and calcula-
tions allowed to propose a step-by-step separation by
selective oxidation of the main components of phos-
phoric manganese ligature - manganese, carbon,
phosphorus and iron. On 1t and 5t converters of gas-
oxygen refining of the National Metallurgical Academy
of Ukraine and the plant “Promarmatura” in Mirgorod
the semi-industrial and industrial testing of the compo-
nents of the proposed method of processing of phos-
phorus manganese ligature (PML) was carried out. In
particular, the possibility of oxidative blowing of PML
melt and obtaining low-phosphorus manganese slag,
as well as blowing of phosphorus-containing melt to
phosphate slag.

For Nikopol Ferroalloy Plant a technological se-
quence of FML processing was developed, the
scheme of which is proposed in Fig. 1.

Three steelmaking units are used for processing:
10t electric arc furnace (EAF) (or induction furnace of
the same capacity), gas-oxygen refining converters
20t - #1 and 10t - #2 (Fig. 2). Gas-oxygen refining con-
verters (GOR) provide oxidative blowing of melts and
intensive mixing during melting. The National Metallur-
gical Academy of Ukraine has accumulated extensive
experience in oxidative blowing in the GOR converter.
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Fig. 2. Gas-oxygen refining converter (GOR)

PML ingots are melted in 10t EAF (or induction fur-
nace). The melt is poured into a ladle and transferred
to the GOR converter section, after which it is charged
into 20t converter #1 through a neck at a temperature
of about 1500°C. Oxygen blowing is carried out
through bottom tuyere. During blowing 10t of PML in-
gots are loaded in several portions to cool the smelting
and limestone is loaded to form slag. Blowing mode
and cooling of the smelting is carried out in such a way
that oxygen blowing provides oxidation of manganese
and partially carbon, while phosphorus is retained in
the iron melt. As a result of oxidation manganese forms
low-phosphorus slag (LPMS) and its concentration in
the melt decreases from 50-65% to 5%. When manga-
nese concentration in the melt exceeds 5%, the latter
blocks phosphorus oxidation and its transfer to slag. In
this connection, oxygen blowing in the first GOR con-
verter is finished after manganese concentration in the
melt reaches about 5%. A large amount of low-phos-
phorus slag is formed, which is tapped from the con-
verter to the slag bowl 3 times. Slag composition:
MnO - 75-80%, CaO - 12-15%, SiO2 - 9-13%. Up to
17 tons of LPMS obtained (smelted) is used as a com-
mercial product for smelting ferromanganese in the
subsequent ore-reduction furnace. Another smelting
product is phosphorus metal (PM), which contains up
to 1.5% carbon, more than 5% manganese and about
5% phosphorus. The latter (about 7t) is poured into a
ladle and transported to GOR converter #2.

Approximate consumption of materials and energy
per 1t of PML in the GOR unit No.1:

1. Electricity consumption — 300-350 kWh.

2. Oxygen consumption for oxidation of manga-
nese — 130 md/t

3. Oxygen consumption for by-product decarburiza-
tion of metal — 45 m3/t

4. Natural gas consumption — 15-17 md/t

5. Nitrogen consumption — 15 m3/t

The purpose of GOR converter #2 is to remove car-
bon and successfully dephosphorise. In this oxygen
blowing process, converter #2 solves these tasks. Dur-
ing the blowdown, lime is loaded into the converter in
portions and slag is removed at a P20s content of
18-20%. After that new slag is induced and further ox-
idation of phosphorus is carried out with further slag

IN,, Ar, CH,

removal when it reaches 18-20% of phosphorus oxide.
Obtained phosphate slag (PS) contains 18-20% P20s,
50-55% CaO, up to 8% SiO2 and 20-25% FeO. The
amount of phosphate slag is up to 3 tons per smelting
or about 160kg per ton of phosphate manganese liga-
ture. Phosphate slag is a high-quality fertiliser for agri-
culture.

As a result of refining in the GKR #2 converter a
melt with relatively low carbon content and manganese
concentration up to 2-3% is obtained, which is in de-
mand as a metal billet. The amount of metal is ~ 6t per
melt or 300kg per ton of PML.

At the approximate duration of melting in GOR unit
No.1 and GOR unit No.2 is about 2 hours.

There are ~ 10 melts per day.

Using 20 tons of GOR unit No.1 and up to 10 tons
of GOR unit No.2 it is possible to process in a day
~ 200 tons of PML and approximately to receive:

low-phosphorus manganese slag (LPMS) -
160t (for manganese ferroalloys production)

phosphate slag — 30t (phosphate fertilizer)
commodity metal — 60t (ingots/billets for steel pro-
duction)

Per month (20 working days):

commodity LPMS — 3 200t

phosphate slags — 600t

commodity metal — 1 200t

Conclusions. Based on the results of thermody-
namic calculations, a rational algorithm for a waste-
free method of oxidative dephosphorization of the ac-
companying highly phosphorous manganese alloy,
which is formed during the electrometallurgical
dephosphorization of manganese concentrate, was
determined. The physico-chemical essence of the pro-
cess of refining a highly phosphorous manganese alloy
is considered, which consists in creating conditions for
the oxidation of manganese, carbon and silicon in the
alloy. The thermodynamic prediction of the course of
reactions under the given conditions of oxidative refin-
ing of the accompanying metal confirms the possibility
of obtaining three products: low phosphorous manga-
nese slag, iron-based melt and phosphorus-containing
slag with a content of phosphorus oxide of 18-20%
(phosphorous fertilizer). It is promising and effective to
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use blowing of the melt with oxygen in an oxygen con-
verter using a blowing nozzle from above with an oxy-
gen consumption of 15...13 m3. At the same time, the
total air consumption per 100 kg of alloy should be
about 50 m3. On the basis of the thermodynamic fore-
cast of the behavior of the elements of the accompa-
nying alloy under oxidizing conditions, the assessment
of the thermal side of the process and further experi-

mental verification, the results were obtained that con-
firm the possibility of creating a waste-free technologi-
cal scheme for the refining of a highly phosphorous al-
loy. At the same time, it is advisable to refine the alloy
in conditions close to the conditions of current produc-
tion of low-phosphorous manganese slag, in which the
temperature of the accompanying alloy is
1320...1350°C.

References

1. Mianovska, Ya. V., Proidak, Yu. S., Kamkina, L. V., Mishalkin, A. P., & Hryshchenko, Yu. N. (2017). Sposib defosforatsii
ridkoho vuhletsevoho feromarhantsiu z pidvyshchenym vmistom kremniiu. (Patent No. 114147). Ukrpatent, Biul. No. 8.

2. Armstrong, F. A. (2008). Why did Nature choose manganese to make oxygen? Philos Trans R Soc Lond B Biol Sci.,
363, 1263-1270. https://doi.org/10.1098/rstb.2007.2223

3. Pecoraro, V. L., Baldwin, M. J., & Gelasco, A. (1994). Interaction of Manganese with Dioxygen and lts Reduced Deriv-
atives. Chem. Rev., 94(3), 807-826. https://doi.org/10.1021/cr00027a012

4. Post, J.E. (1999). Manganese oxide minerals: Crystal structures and economic and environmental significance. Proc.
Natl. Acad. Sci. USA, 96, 3447-3454. https://doi.org/10.1073/pnas.96.7.3447

5. Augustin, M., Fenske, D., Bardenhagen, I., Westphal, A., Knipper, M., Plaggenborg, T., Kolny-Olesiak, J., & Parisi, J.
(2015). Manganese oxide phases and morphologies: A study on calcination temperature and atmospheric dependence.
Beilstein J Nanotechnol, 6, 47-59. https://doi.org/10.3762/bjnano.6.6

6. Chaput, D. L., Fowler, A. J., Seo, O., Duhn, K., Hansel, C. M., & Santelli, C. M. (2019). Mn oxide formation by photo-
trophs: Spatial and temporal patterns, with evidence of an enzymatic superoxide-mediated pathway. Sci Rep., 9, 18244.
https://doi.org/10.1038/s41598-019-54403-8

7. Hasyk, M. Y. (1992). Marhanets. Metallurhyia

8. Hasyk, M. Y., Horbachev, V.F., & Khytryk, S.Y. (1972). Fosfor v nykopolskykh marhantsevykh rudakh y eho povedenye
pry vyplavke marhantsevykh ferrosplavov. Yzv. vuzov. Chernaia metallurhyia, (8), 69-75.

9. Shin, D.J., Gao, X., Ueda, S., & Kitamura, S.-Y. (2019). Selective Reduction of Phosphorus from Manganese Ore to
Produce Ferromanganese Alloy with Low Phosphorus Content. Journal of Sustainable Metallurgy, 5(3), 362-377.
https://doi.org/10.1007/s40831-019-00227-9

10. Xi, X., Yang, S., Li, J., Luo, D., Cai, X., & Lai, C. (2019). Phosphorus distribution between rare earth oxides containing
slags and ferromanganese alloy. Ironmaking and Steelmaking, 46(5), 485-490.
https://doi.org/10.1080/03019233.2017.1405151

11. Kim, D.-Y., Kim, H.-S., & Jung, S.-M. (2016). Production of (Mn,Fe)-carbide containing low phosphorus by carbother-
mic reduction of Mn oxide and Fe oxide. Engineering Solutions for Sustainability: Materials and Resources I, 73-83.
https://doi.org/10.1007/978-3-319-48138-8_6

12. Liakyshev, N. P. (Ed.) (1997). Dyahrammy sostoianyia dvoinykh metallycheskykh system. Vol. 2. Mashynostroenye,
509-510

13. Lee, Y. E. (1986). Thermodynamics of the Mn-P system. Metallurgical Transactions B, 17(4), 777-783.
https://doi.org/10.1007/BF02657140

14. Bale, C. W, Bélisle, E., Chartrand, P., Decterov, S. A., Eriksson, G., Hack, K., Jung, |.-H., Kang, Y.-B., Melancon, J.,
Pelton, A. D., Robelin, C., & Petersen S. (2009). FactSage thermochemical software and databases - recent developments.
Computer Coupling of Phase Diagrams and Thermochemistry, 33(2), 295-311. https://doi.org/10.1016/j.calphad.2008.09.009.

15. Xi, X., Yang, S, Li, J., Luo, D., Cai, X., & Lai, C. (2019). Phosphorus distribution between rare earth oxides containing
slags and ferromanganese alloy. Ironmaking and Steelmaking, 46(5), 485-490.
https://doi.org/10.1080/03019233.2017.1405151

16. Masaki, F., Hiroyuki, K., Akira, Y., & Michitaka, M. (1988). Dephosphorization OF Fe-Mn-C alloy with BaCO3. Tetsu-
To-Hagane/Journal of the Iron and Steel Institute of Japan, 74(5), 816-822. https://doi.org/10.2355/tetsutoha-
gane1955.74.5_816

17. Joo, S.-W., Hong, S.-H., Lee, G.-H., & You, B.-D. (2013). Evaporation behavior of low carbon ferromanganese alloy
melt at reduced pressure. Metals and Materials International, 19(3), 585-590. https://doi.org/10.1007/s12540-013-3030-x

18. Hasyk, M. Y., & Liakyshev, N. P. (1999). Teoryia y tekhnolohyia elektrometallurhyy ferrosplavov. SP Yntermet Yn-
zhynyrynh

19. Ellyot, D.F., Hleizer, M., & Ramakryshna, V. (1969). Termokhymyia staleplavylnykh protsessov. Metallurhyia

20. Rozenhart, Yu. Y., Yakobson, B.Y., & Muradova, Z. A. (1988). Vtorychnye enerhetycheskye resursy chernoi metal-
lurhyy y ykh yspolzovanye. VVyshcha shkola

Haditiwna do pedkoneeii / Received by the editorial board: 18.12.2023
lMpudHsma 0o dpyky / Accepted for publication: 20.02.2024

12



