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BCTAHOBJIIOBAHHSA TEPMOJUHAMIYHUX I PI3UKO-XIMIYHUX ITEPEAYMOB
nPAMOI'O OTPUMAHHSA 3AJI3A TEPMOJII3OM OKCHUIB

OcHosHUM WTIAXOM GUPOOHUYMEA 3ANI308V2NleYesUx PO3NIAGie € IaHyl0e «OOMEeHHA NiY — Ku-
CHeBUIl KOHeepmep», W0 CHPUYUHAE 3HAYHI GUKUOU OKcudig gyeneyio. Lle smywye pospoorsmu maxi
AnbMepPHAMUGHI WILAXU, AK 3a1i30 NpsAmMo20 GioHosnenHs. OOnak 60HO nompebye 8iOHOBHUKA, SAKUM
Hauuacmiue € gyeneysb YU to2o0 OKCUoU, a maxodic 600eHs. Bukopucmanns gyeneyesmicuux mamepia-
78 He gupiuiye npobaemu 3 sukuoamu oxcuoig gyeneyro. Booenv nompebye 3naunux enepeemuyHux
6KNIAO0EHb OISl OMPUMAHHA 8 HeOOXIOHUX KINIbKOCMAX. Anbmepnamugolo mMoxce cmamu mepmoniz —
Ppo3KAadanHs okcudis nio diero memnepamypu. Ilpome onsa okcudis 3aniza nompioHi 3a6UcoKi memne-
pamypu. B pobomi npogedeno mepmoounamiune 00CiONCEHHS npoyecy pO3KIAOAHHA OKCUOI8 3di3a
cucmemu Fe;03—Fes0s—FeO 3a ymos pospsoocenns. Bemanoeneno, wo 015 00csieHeHHs UOUMO20
ehexmy w000 3HUICEHHA MeMnepamypu posKiadanis Heobxiono cmeopenns pospiodcenns 0o 1-10°
amm, wjo NOBUHHO 8I00OPA3UMUCS HA 3HUdNCeHHT memnepamypu y 1,35—1,68 paszu.

Knrouoei crnosa: npsive ompumanus memanie, OKCcuou 3aniza; mepmoiuis; enepeis liooca;
memnepamypa no4amxy po3Kia0anHs, PO3PIONCEHHS MUCKY.

The main way to produce iron-carbon melts is the “blast furnace — oxygen converter” chain,
which causes significant emissions of carbon oxides. This forces the development of alternative routes,
such as direct reduction of iron. However, it requires a reducing agent, which is most often carbon or
its oxides, as well as hydrogen. The use of carbon-containing materials does not solve the problem of
carbon oxide emissions. Hydrogen requires significant energy investments to obtain in the required
guantities. An alternative could be thermolysis — decomposition of oxides under the influence of tem-
perature. However, iron oxides require too high temperatures. The work carried out a thermodynamic
study of the decomposition process of iron oxides of the Fe.Os—Fe;0,—FeO system under vacuum
conditions. It was established that to achieve a visible effect on reducing the decomposition tempera-
ture, it is necessary to create a vacuum up to 1-10° atm, which should be reflected in a decrease in
temperature by 1.35—1.68 times.

Keywords: direct metal productio; iron oxides; thermolysis; Gibbs energy; decomposition on-
set temperature; vacuum.

ITocranoBka npodaemu
«3ereHa MeTanyprisy — Iie €IMHUI B YKpaiHi 3aKOHOJ]aBYO0 3aKpiruieHuid (HiHAHCOBUI CTUMYIT
JUTSL METTYPriHUX MiANPHEMCTB 3HIKYBaTH BUKUIU CO; 10 €BPONEHCHKUX LITHOBUX 3HAUYEHb — TOOTO
1o piBag He Oinbie 250 kr CO2 Ha ToHy crani, B pamkax Green Deal [1]. Bigmosigno no ananizy ['pymu
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MerinBect, YKkpaiHa Ma€ MOXKIMBICTD IHTErPyBaTHCS IO CY4aCHOTO €BPOIEHCHKOTO PHHKY, 3aBISIKH MOC-
TAYaHHIO BECOKOSKICHOI «3€JIEHOT» METaTypriiHOT CHPOBHHH [2], It 4OT0 Ma€ IOCTAaTHI PECYPCH.
AHaJi3 ocTaHHIX J0caiTzKkeHb i myOikanii

Hapasi 6inbina yactuHa cTaji y cBiTi BUPOOISETHCS OTHUM i3 OCHOBHUX MapipyTiB [3]:

- IHTerpoBaHa JOMEHHa iy — KucHeBui kouseptep (BF—BOF);

- eperuIaBiIeHHs OpyXTy y enekrpoayrosiit meui (EAF-scrap);

- MapIIpyT IPSIMOTO BiIHOBJIEHHS 3ai1i3a — enekrpoayrosa mid (DRI—EAF).

VY nepiomy BUIMaKy JOMEHHA M4 BUKOPUCTOBYE 3ali3HY PyIy, KOKC 1 THJIOBYTUIbHE TaJHBO
SK CUPOBUHY AJIs1 BAPOOHMLITBA YaBYHY Ul IOJAJBIIOT0 BUPOOHUIITBA CTaJll B KUCHEBOMY KOHBEPTE-
pi. Lle Hapa3i HaltmomMpeHImMi MapmIpyT OTpUMaHHA cTam (ckiamae 71 % Bix cBiTOBOr0 BUPOOHUII-
TBA), TOJIi SIK BTOPMHHE BUPOOHHIITBO CTalli 3 BUKOPUCTAHHSIM MEPEBAXKHO CTAJIEBOTO OPYXTY B €JIEKT-
POAYTOBUX IMEYax CTaHOBUTH juile 24 % CBITOBOTO BUPOOHMITBA i 0OMEKEHE MOTYKHOCTSIMHU TIepe-
pobienoi crami [4]. Jlo Toro ’ MoB’s3aHi 3 JTAHIFOTOM BHPOOHUIITBA, 1[0 MICTUTH JOMEHHY IIid, €KO-
JIOT14Hi MpobiIeMHu — TepII 3a BCe 3HAYHI BUKHIU MApPHUKOBHX ra3iB (mpubau3no 2 tonau CO», mo
YTBOPIOETHCS HAa TOHHY CTali), CIPUSIOTh PO3BUTKY aJbTEPHATHBHUX TEXHOJIOTiH BUPOOHHIITBA 3aJTi3-
HOI CHPOBHHH, Cepell SIKMX BaXKJIMBUM IOCTA€ MPOLEC NPSIMOTO BiAHOBICHHS 3aJ1i3HOI PyAM 3a JOMO-
MOTOFO Pi3HHX BiJIHOBHHKIB (BYTJIEIF0, OKCH/IIB BYTJICIIO, BOJHIO SIK YUCTOTO, TaK iy cymimri) [5—11].

TepmiH «mpsiMe BiAHOBIICHHS» HE O3HAYa€, IO MPOLECH, SIKi JO HBOTO BiJHOCSTHCS, MalOTh
MapIIpyT IPOCTIMINH, Hi’XK BUKOPUCTaHHS JoMeHHOiI rredi. [Ipsme BigHoBieHHs (DR) BU3HaYaeThCs K
OyIb-sIKUi TIpoIIeC, y SKOMY METaJleBe 3aJ1i30 BUPOOISIETHCS BiTHOBICHHIM 3al1i3HOT PYAH MPH TeMITe-
paTypax, HIDKYHMX 3a TeMIeparypy IuiasjicHHs 3aiiza [12]. IIpoxykr nporiecy DR Ha3uBaetbes 3aii-
30M mpsMoro BigHosieHHs (DRI).

VYBeneHHs B IPOMUCIIOBE BUKOPHUCTAHHS IPOLIECIB MPSIMOTO BiTHOBJICHHS 3ali3HUX Py.l OYa-
nocst B 1950-x pokax. bararo npuxuibHUKIB BBOKAIU iX CHPaBKHBOIO ANbTEPHATUBOIO MPOIIECY Bij-
HOBJICHHSI 3QJ1I3HOT pyIy IOMEHHOMY TIPOLIECY, OJHAK PI3KOT0 301IbIICHHS CBITOBOrO BUPOOHHMIITBA 32
UM HanpsMKoM He Binoynocs [13—15]. OcHOBHI NPUYHMHHU I[HOTO MOJISATAIOTH B TOMY, IO IPOLIECH
MPSIMOTO BiTHOBJICHHS 13 BUKOPUCTAHHSM BYTJIEIEBMICHHX BiJJHOBHUKIB HE BiJIXOSTH IMOBHICTIO BiJ
BukuiB COz, TOMy Ha MEPIIOMY MICI[i TOBUHHI OyTH MPOICCH BiJHOBJICHHS 3a JIOTIOMOTOK) BOJIHIO.
IIpote nmst OTpUMaHHs BOJIHIO MOTPIOHMIT BEeNMKUI BKIIaA eHeprii. «3eseHui» BOeHb BUPOOISETHCS
HUISIXOM €JIEKTPOIIi3y BOAM 3 BUKOPUCTAHHIM MOCTIHHOTO €JIeKTPUYHOro cTpymy. [ms orpumanus 1
KiJIOrpamMy BOJHIO MOTPiOHO mpuOau3Ho 9 kT (9 1) unctoi Boau. [Ipu 1ipoMy Uit BADOOHHIITBA IIHOTO
KiJIOTpaMy BOJHIO 332 TEOPETHYHHMHU pO3paxyHKamu cuctema enekrponizy npu 100 % nepenbauysa-
Hill epexTuBHOCTI ToTpeOye 39,4 kBT-rox enexTpoeneprii. PeanbHO icHYI0Yi Hapa3i KOMepIliiiHi npu-
cTpoi MeHm edekTuBHI: MaloTh edekTuBHicTh Ha piBHA 50—60 %. Tomy 3aTpatm enexkrpoeneprii
cKJIaaaroTh puoau3Ho 50 kBt/rox Ha 1 kr BoxHIO. SK MpUKIaj, 0MHOMY 3 BUCOKOS(EKTHBHUX €IEKT-
pomizepiB AEM Bin komnanii Enapter motpiono 53,3 kBt/rog mns BupoObHuuTBa 1 Kr BogHm. [16—
17]. ToOTO PO3BUTOK LBOTO HANPSMKY MOXJIMBHI TITBKH TaM, Jie AOCTyITHA jemieBa eHepris. Kpim
TOTO, PO3BUTOK PHUHKY CTaJICBOTO OPYXTY SIK CHPOBHHH, KOO TOPTYIOTH Yy CBITOBOMY MaciuTadi, mpo-
TATOM OaraThbOX POKiB MPAIfOBAB MPOTH MPOTHO30BAHOTO MONMUTY Ha Bucokosikicai DRI/HBI.

DopMYyJTIOBAHHSI METH JOCTIIKEHHS

TakuMm YUHOM, aKTyaJbHUMH € SIK JIOCITIJPKEHHS 3 po3poO0KH JEHIEBOr0 CIoco0y OTpUMAaHHS
BOJIHIO, TaK 1 po3po0Ka ajJbTEPHATHBHUX CIOCOOIB MPSIMOTO OTPUMAHHS 3ailiza 3 pyJ. AJNbTEpHATHB-
HUM BapiaHTOM IPSIMOTO OTPUMAaHHS 3aii3a MOKe OyTH TepMidHa JUCOLialis 3 HOro OKCUIIB (TepMO-
ni3). OnHak BiIOMoO, IO Ui IIOTO MOTPiOHI 3aBHCOKI Temmeparypu. B poOoTi HaBeaeHi pe3yabTaTi
TEPMOJIMHAMIYHOT OLIIHKW BIUIMBY THCKY (caMe HOro po3piJuKEeHHs, a He 3aMiHM Ha HEeWTpaJIbHUH Ta3)
Ha Mpolec NPsSMOro PO3KIaJaHHs OKCUAIB 3aji3a Mif Ji€l0 TeMIepaTypH.

Metoauka 0caiKeHHsI

MOoXIUBICTB Mepediry peakiiiid Ta CTyIiHb Y4 TIOBHOTY iX 3/1iiiCHEHHsI MOXe OyTH mependade-
Ha Ta OI[iHeHa Yepe3 TEPMOJMHAMIYHI XapaKTepPUCTHKH — eHeprito ['i00ca Ta KOHCTaHTy pPiBHOBaru
peaxiii.

3arajoM peakiiist JUCOIiaIil OKCUIHUX CHOJIYK Ma€ BUIJISI:

Me,O, = xMe +y/2 O;. (D)

Enepris ['i60ca, sika oLiHIOE MOXIIMBICTD Nepediry peaxuiil, Bianosigae Bupasy [18,19]:
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P
AG = AG° +RT In ;)02 , 2

ne AG° — enepris ['i66ca 3a cTaHIAPTHAX YMOB (BU3HAYAETHCS 33 HASBHUMU B JIITEPaTypi PiBHAHHS-
MH 3aJI©KHOCTI Bix Temmeparypu), Jx/Monb-K; P° — THCK HABKOIO CHCTEMH (IS BiIKPHTOT CHCTEMH
Bignosinae 1,01-10° I1a); Po; — mapuiaabHHil TUCK KHCHIO B cucteMi, I1a; R — yHiBepcanbHa razosa
crana (8,314 Ixx/monp-K).
KomncranTa piBHOBary, 1o OIiHIOE TOBHOTY MPOTIKAHHS peaKIii JFCOITiallii BiAMOBIIae piBHSIHHIO:
12 x
= Tor e ®)
aMexOy
Sxmo npeacTaBieHi y piBHAHHI (a3u HE YTBOPIOIOTH PO3YHHIB MiXK c000F0 1 IepedyBatoTh y
YUCTOMY BHTJIA, TO X aKTUBHOCTI dMe TA dMex0y JOPIBHIOIOTH 1 Ta

K=P3,7, (4)
1 BIAMMOBIOHO:
in oz _ =467 )
PO RT

Benmuunan Po; Ta AG € QyHKIIsIME TeMIIEpaTypH Ta BU3HAYAIOTh HACKUTEKHA «MIIHUMY» € OK-
cun. Yum menmie Bennunna Po; Ta 6iabiie 4G, THM MIIHIIIE JaHUH OKCHUJT.

MOXJIMBICTh 3MIMCHEHHS peakilii AMcoIlialii 3aje)kKuTh BiJl CIIBBIJHOIICHHS PiBHOBa)XHOTO
MapIiagTbHOTO THCKY KUCHIO (Po2) 1 (aKTUYIHOTO MapiialbHOTO TUCKY KHCHIO B Ta3oBii ¢asi. Biamo-
BiJiHO 10 piBHAHHS Bant-I'odda:

AG° =RT(INRL™™ ~InRy) (6)

AKIO Poa®™>Pp,, To AG®>0 i BinOyBaeThCst yTBOpEHHS OKCHY, AKIIO 4G°<0 BinGyBaeThCs MHCOIIALIs.

Ha niarpami Ha puc. 1 HaBeaeHo 3anexHicTh eHeprii [100ca Big remnepatypu [18]. Biamnosia-
HO JI0 TePMOJMHAMIYHMX IIOCTYJATiB PO3KJIAJaHHS OKCHJIB MOMJIMBE 32 YMOB, 3a SKHUX CHEpIis
I'i66ca peaxiiiii yrBOpeHHs OKCHJIIB HA0yBa€ TIO3UTUBHUX 3HaueHb (4Go>0). BinmosigHo po miarpamu,
Hanpukiaz, s okeuay 3amiza I1 (FeO) poskiamaHHs MOXKIUBO 32 JOCHTh BUCOKHX TEMIIEPaTypax
(6inbre 3500 °C).
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Puc. 1. 3anexuicts eHeprii ['i00ca peakiiiii yTBOpEHHS OKCHIIB BiJ TeMieparypu [ 18]
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V cucremi Fe—O nagaBHi nekiibpka okcunis: FeO, Fe,0s, FesOq4. ITocnimoBHicTh Aucorianii 3a
YMOB HasiBHOCTI IEKUTFKOX OKCH/IIB BIATIOBia€ MPUHIIMITY ITOCTITOBHOCTI iepeTBopeHs A.A. baiikoBa
(XiMiuHi TTEpETBOPEHHS BiIOYBAIOTHCS TMOCHTIIOBHO Yepe3 XiMidHi CIIONYKH, ICHYIOUl B IaHIH CHUCTEMI,
TOOTO BiJ] BUILOTO OKCHIY JI0 HIJKYOTO Yepe3 MPOMiKHI CHOIyKH). BiqnoBigHo ajist 3aiiza psi mocii-
JOBHOT nucomianii Burisaae Tak: Fe;Oz—FesOs—FeO.

Hucortianis okenpais 3amiza npu t > 570°C npoTikae 3a HACTYITHAMH PEAKITiSIMH:

1) 6Fe203= 4Fe304+ Oy;

I1) 2Fe304 = 6FeO + O;

1) 2FeO = 2Fe + Oy;
npu t < 570°C FeO nposiBisie cebe sk HecTilika cionyka, Tomy peakuii (1) 1 (111) ve BinOyBatoThes, a
BiZIOYBa€THCS PEaKIist

|V) Fes04=3/2 Fe + 0O,;

IIpu Bucokux temmeparypax (Bume 1450 °C 3a Ha-
1gPOy———— —————— SIBHOCTI KHCEHBBMICHOTO cepenoBuma) okcun Fe Oz He
CTIMKUH 1 MOXKE PO3MATaTHCA.

Ha puc. 2 BianoBiHO 0 HAasBHUX Yy JiTepaTypi aa-
Hux [18] HaBemeHo 3anex)HOCTI Jorapudma MPYKHOCTI
mucotiarii (Jrorapudma mapIiarbHOTO THCKY KHCHIO) OKCH-
niB 3aimiza Big Temmepatypu. Ludpu Oins KpuBUX BiAMOBi-
naroth peakiism (1) —(1V).

' IIpu t> 570 °C Porreo) < Pozresoy # oxcua FeO
! ; MminHimui, HiK FesOs. ToOTo mpu po3kiagaHHI OKCHIY
I 1000 TK FesOs yrBoputhes cridikuii okcun FeO. Ilpu 570 °C
70 °C ’ Poxreo) = Poz(re30sy OKCHIIM MAIOTh OIHAKOBY MIIHICTb.
[Ipu wiéi Temmeparypi B piBHOBa3i 3HaxonsaThcs 4 dasm:
- ’ ) _ FesOs — FeO — Fe — O,. Cucrema HOHBapiaHTHA. 3a
JMCOIIAII OKCHIIB 3ai13a BII TeM-  yriego JliarpaMoOI0 MOKJIMBO BCTAHOBHTH 00JACTi iCHYBaHHS
nepatypu [18] KOHJICHCOBaHUX (has3.
Oo6uacth «a» Bianosigae o0acTi icHyBanHs FeoOs,
JUISL SIKOT PO3MOJUT MapLidHUX THUCKIB KHCHIO OKCHJIIB Ta KHCHIO BIJIIIOBIJIHO BIJHOCSATHCS SIK:
Po2gam™PozFe203) >Pozre304™> Pozreo). Lle 3HAUUTD, IO TP TAKOMY MapHialbHOMY TUCKY KHUCHIO 3aJTi-
30, BIOCTUT | MarHeTUT MMOBUHHI OKUCIOBaTUCs 10 reMatuty (Fe20s).

Ob6nacte «b» — obnacth criiikoro icHyBaHHs MarHeTUTy (Fe3Os). st Hel po3moin mapiiiii-
HUX THUCKIB KHCHIO CKIANAE: Pore203)™>Po2pam™PorFes04>Pozre0). Binnosimao remarut (Fe.Os) 3a
TEMIIEpaTypHUX YMOB IIi€i 00iacTi MOBUHEH JUCOIiFOBAaTH 3 yTBOpeHHsSM MarHetuty (FesOs), a Broc-
tut (FeO) abo 3aimizo HaBmaku 3a3HaBaTH OKKUCIEHHs 10 MarHeTHTy (FesOa).

ObmacTs «c» Bianosigae criikomy crany BlocTuTy (FeO). s miei obnacti BiHOIIEHHS map-
IHUX THCKIB OKCHUJIIB Ta KUCHIO ¥ cUCTeMI: Pore203>Po2re309™> Porpam™PozrFe0). Lle CBITUUTD PO
Te, 110 3a YMOB, SIKI BIAMOBIAAIOTH Iiii oOmacti, okcuau rematut ta MarHeTuT (Fe2Os 1 Fe3Os) OynyTh
BiJTHOBITIOBAaTHUCS 3 yTBOpeHHsM BiocTuTy (FeO), a MeraneBe 3aiizo Oyjie OKHUCITIOBATHCS JIO BIOCTHTY
(FeO).

Oo6nacTh «d» Ha puc. 2, sika BiAmoBigae criikomy crany Fe, OaxkaHa JjIsl JOCATHEHHS IIPH PO-
3KIaganHl okcuiB. [l i€l o0macTi, BiAMOBIAHO, MOBUHHI JOTPUMYBATHUCS BUMOTH IOEIHAHHS J0-
CUTh HU3BKOTO MapIiaIbHOI'O TUCKY KHCHIO B CUCTEMI B Ta BUCOKUX TEMIIEPATYP.

Bukaan ocHoBHOTO MaTepiaay

BinmoBigHo 10 HasIBHUX B1IOMOCTEH, 3ae:KHOCTI eHeprii ['100ca Bix TeMiepaTtypu i peak-
it (I)—(II1) nemro Bigpi3HSAIOTHCS:

Jns peakuii I AG°=586770-340,2T signosinHo mo [20],

AG°=500600-280,7T siznosigno o [18],

AG°=457264,8-267,1T signosigxo mo [21].

Jlns peakuii 11 AG°=858200-392,6T signosigno ao [20],

AG°=858200-392,6T Binnosinzo 1o [18],

10

20

30

1
800
5

Puc. 2. 3anexxHicTh Npy>KHOCTI
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AG°=647127,6-262,5T Bignosigno go [21].

Jts peakuii III AG°=256061-53,7T signosigno go [20],

AG=256061-53,681T Bixnosiano 10 [18]

AG°=529093,3-139,4T Bignosigno go [21].

PesynbraTty po3paxyHKiB BiJIIOBIIHO J0 HABEJECHUX PIBHSHB MpEACTaBIcHI Ha puc. 3. Biamo-
BiTHO /10 (Hi3MKO-XIMIYHUX YMOB Iepeliry peaxifiii po3KJIaJaHHs OKCHIIB 3ai3a, HaBEIEHUX BHIIIE,
BUTbHE MPOTIKAHHS BIAMIOBITHUX peakIliii po3KiIagaHHs BiAOYBaTUMETHCS MPH BiJl’EMHHUX MOKa3HUKAX
e”eprii ['i00ca. {ns peakuii po3kiagaHHs TEeMaTUTy BC1 TPH PIBHSHHS MArOTh Pi3HUN BHUIJIAJ, OJHAK
pe3ynbTaTH PO3paxyHKY 3a HUIMHU JOCUTH OMU3bKI 1 Touka mepeTuHy oci OX, ToOTO yMOBHA TeMIiepa-
Typa MoYaTKy pO3KJaJaHHs, criBnanae aus piBHsAHb 3 [20] ta [21] — 1700 K, Ta nemo Buma mist pis-
HsHHA 3 [18] — 1800 K.
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Puc. 3. 3anexwnicte eneprii ['i00ca Bix Temmeparypu Ui peakuii po3kiaJaHHI FeMaTHTY 3a
peakuiero (I) — A, marHetuty 3a peakuieto (II) — b, Bloctuty 3a peakuiero (III) — B: 1 — 3 Biamo-
BiJTHO JI0 piBHSHB 3 Jukepedn [ 18], [20], [21]

JInst yMOB pO3KIJIaIaHHS MAarHETHTY Ta BIOCTUTY piBHsHHSA 3 [20] Ta [18] cniBmagarots, ToMy
pe3yIBTATH PO3PAaXyHKY 3a HUIMH OTPUMAaHO OAHaKoBi. PiBHsHHS 3 [21] Mae BiaminHicTh. BinmosigHo
JUIE MarHeTHUTy YMOBHa TeMIleparypa TOYaTKy pPO3KJIaJaHHs, TOYKa, Koju eHepris [i060ca crae
BiZl’€MHOIO, 32 OTPUMAaHHUMH pe3yJbTaTaMH PO3PaxyHKY 3HAXOOUTHCS B MpoMikky 2200—2245 K.
s BrocTuty noaioHa BenmuunHa ckiagae 3800—4800 K. BiamosigHo 10 HassBHHUX B JiTepaTypi Bigo-
MOCTEH TIPO pe3yNIbTaTh (PaKTUIHUX JOCIIDKEHb TeMIlepaTypa IMo4aTKy po3KiIay reMaTuTy 3a yMOB
3BHYaifHOi aTMocdepu (0€3 J0AaTKOBOIO CTBOPEHHS 1HEPTHOTO cepenoBuina) ckianae 1633—1665 K
[22—24]. YV inepTHOMY cepenoBuLi BiamosiaHo [19, 22—24] 1537 K.

Tob6To mani, OTpUMaHi 3a PiBHAHHAM BiANOBIAHO 10 mKepena [21], mocuts GIu3bKi 10 OTpH-
MaHUX (aKTUYHO Pi3HUMH JOCIITHUKAMHU TEMIIEPaTyp pPO3KIaJaHHI TeMaTUTYy.
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Hns ximMiuHuX mepeTBopeHb 3a peakuisimu [—III mpoaykrom peakiii po3kiagaHHs OKCHIIB €
ra3onoAiOHui KrceHb. BiAmoBiqHO TeMmepaTypa MO4YaTKy po3KiIagaHHs Oyje 3aiexaTd BiJl Mapiii-
HOT'O TUCKY KHCHIO B CEPE/IOBHIII Ta 3arajibHOrO THCKY B cucTeMi. 3a 3akoHoM Jle-11laTense npu 3HM-
JKEHHI K 3arajJibHOTO TUCKY B CHUCTEMI TaK i, BiJIIOBIIHO, MAPIiaJIbHOTO TUCKY KHCHIO PEaKIisl PO3K-
JIQIaHHS TTOBMHHA MPOTIKATH B MPSAMOMY HANPSMKY. 3aJICKHICTh TEMIEPATypPH MOYATKY PEaKIii Bif
THUCKY Ta30BOi CKJIAZIOBOI peakiii 32 yMOB MPHHHATTS PiBHOCTI OJMHMIN aKTHUBHOCTEH TBEPIUX KOM-
MTOHEHTIB, Mae BUTIA [21]:

po__4AH _ AH (7
" AS-RINK ~ AS-RInFR,,

Pe3ynpratu npoBeeHUX pO3paxyHKIB 3aJI€KHOCTI TEMIIEpaTypH IOYATKy Peakiii po3KJIafaHHsA
Bil TUCKY KHCHIO B cucTeMi Juis peakuii [—III BimoOpaskeHo y rpadiunux 3anekHOCTSX Ha puc. 4. Mo-
JKHa 3pOOHUTH BUCHOBOK, IO 3HIKCHHS TUCKY KHCHIO U, BiIIOBIHO, THCKY B CHCTEMIi B TIOJIOBHHY (10
0,5 aT™) IPU3BOIUTH IO 3HIKEHHS TEMIIEpaTypy MMOYaTKy PO3KIAaHHSI TeMaTuTy Ha 37,5°, MarHeTuTy
Ha 54°, a Broctuty Ha 154° (no Temmepatyp 1674 K, 2137 K Ta 3641 K Bianosiano). [loganbie 3HmKeH-
HS THCKY 1€ B oj0BUHY (10 0,25 aT™) NpU3BOAUTE O MOJAANBLIONO 3HW)KEHHS TEMIIEPaTypH IMOYaTKy
mucortiamnii pedoBuH Ha 35,5°, 52,5° Ta 144° (BiamosimHO 1o Temneparyp 1639 K, 2358 K ta 3497 K).
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[MTapuiiiHuii THCK KHCHIO B CUCTEMI, aTM

Puc. 4. 3anexxHicts Temriepatypu nodatky peakiii [—III Biq mapuiiiHOro THCKY KHCHIO B CHCTEMI

[lepenbauyBaHe 3HKEHHS TeMmIriepaTypu ckiianae 2 % mis peakiii I Ta I Ta 4 % mist peakiii
II mo tucky B cucremi 6:m3bko 0,1 atm. [Ipu momaneiiomMy OiTbII TITUOOKOMY 3HHMXKEHHI THCKY J0
1-10 atm Temmeparypu nouatky peaxuii cknagzatumyTs 1260 K, 1800 K ta 2250 K, mo y 1,2—1,4
pasu MeHIle, HiK Mpu atMochepHOMY THUCKY (Oinblui 3HadeHHs BiamosigatoTs peakuii 1II). 3amxenns
1o Tucky 1-107° atm npussese 10 3HwKeHHs Temneparyps y 1,35—1,68 pasu (Oinbuii 3Ha4eHHS YacT-
k1 BianoBinatoTs peakuii 11I) no remneparyp 1260 K, 1806 K ta 2250 K.
BucHoBkn
[IpoBenenuii TepMOAMHAMIYHIIA aHAJI3 MPOIECY TEPMIYHOTO PO3KIAJaHHS OKCHJIIB 3aJ1i3a Ta
BIUIMBY HA HUX PO3PSDKEHHS MOKa3aB, 110 3HWKEHHS TUCKY KUCHIO H, BIJIIIOBIJIHO, THCKY B CHCTEMI
NPU3BOJIUTH A0 MOCTYNOBOrO 3HIKEHHS TEMIIEpaTypd PO3KiIagaHHs OKCHIiB. EQekTHBHUM 3 TOUKH
30py 3HIKEHHSI TEMIIEPATYPH PO3KJIAJaHHSA MOKHA BBAKATH 3HWKEHHS THCKY 10 1-10° atm, mo mo-
BUHHO BiI0Opa3HUTHUCS y 3HWKEHHI Temreparypu y 1,35—1,68 pa3u anst po3riisiHyToi CHCTEMH OKCH-
IiB. BinnoBigHO JOCUTH NMEPCIEKTUBHUM € MUTAHHS JOCIHIIPKEHHS BIUIMBY PO3PIIKEHHS (BakyyMmy, a
HE MPOCTOT 3aMiHU CEPEIOBHUILIA Ha HEHTpalibHe) Ha TeMIIepaTypy MOYaTKy AMCOLIALii TOCTIKYBaHIX
OKCHIIB 3T JOCSITHEHHS PO3KJIaaHHsA HacaMIlepel OKCHIIB 3ai3a 3 OTPUMaHHIM YHCTOTO 3alli3a
3a yMOB OUTbII HU3BKUX, JIETTIE JOCSHKHUX TEMIIEpaTyp.
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ESTABLISHMENT OF THERMODYNAMICAL AND PHYSICO-CHEMICAL
PREREQUISITES FOR DIRECT OBTAINING IRON BY THERMOLISIS OF
OXIDES

In modern conditions, iron-carbon alloys, in particular steel, remain the main structural mate-
rial. At the same time, the main way of their production is the “blast furnace — oxygen converter”
chain. However, the blast furnace method of obtaining cast iron, as well as the oxygen converter pro-
cess, has a significant negative impact on the environmental situation. This especially concerns the
share of carbon oxide emissions. This forces scientists to develop alternative ways of obtaining iron
raw materials — direct reduction iron, for the subsequent production of steel. All existing direct reduc-
tion methods require a reducing agent that has a greater affinity for oxygen. Most often, this is carbon
or its oxides, as well as hydrogen. The use of carbon-containing materials does not solve the problem
of carbon oxide emissions. Hydrogen requires significant energy investments to obtain it in the quanti-
ties required for the reduction process. An alternative may be thermolysis — the process of decomposi-
tion of oxides under the influence of temperature. However, for iron oxides, this process has signifi-
cant limitations — too high temperatures. This is especially true for divalent iron oxide FeO, which has
a decomposition temperature of more than 3500 °C. The paper presents the results of an analytical
thermodynamic study of the decomposition process of iron oxides of the Fe,Osz-Fe;04-FeO system
under conditions of elevated temperatures and the effect of vacuum on the decomposition processes of
these iron oxides (according to the Gibbs energy index of the decomposition reactions and the effect of
the partial pressure of oxygen on the decomposition onset temperature). It was established that to
achieve a visible effect on reducing the decomposition temperature, it is necessary to create a vacuum
of up to 1-10°'5 atm, which should be reflected in a temperature decrease of 1.35-1.68 times for the
Fe,03-Fe;04-FeO oxide system. Accordingly, the issue of studying the effect of vacuum (not simply
replacing the medium with a neutral one) on the dissociation onset temperature of the studied oxides is
promising in order to achieve decomposition, first of all, of iron oxides with the production of pure
iron under conditions of lower, more easily achievable temperatures.

References

[1]Shcho take zelena metalurgiia? [What is green metallurgy?]. https://greensteel.com.ua/zelena-
metalurgiya/shho-take-zelena-metalurgiya/ [in Ukrainian]

[2]Interviu z CEO METINVESTU Yurii Ryzhenkov 12.07.2023 «My maiemo konkurentnu
perevagu...». [Interview with CEO of METINVEST Yuriy Ryzhenkov 07/12/2023 “We have a
competitive advantage...”.]. https://metinvest.media/ua/page/mi-mamo-konkurentnu-perevagu-
zelena-metalurgya--shans-dlya-ukrani-pravilno-ntegruvati-vlasnu-ekonomku-v-ekonomku-s--ceo-
metnvestu-yury-rizhenkov [in Ukrainian]

[3] Bhattacharya P., Datta M. (2023) Overview of Iron and Steel Making Process in an Integrated Steel
Plant June-Juli 2023

[4]Fan Z., Friedmann S.J. (2021) Low-carbon production of iron and steel: technology options,
economic assessment, and policy. Jouli. vol.5. P. 829-862.

[5] Scarnati T.M., Alvarez I., Sammt F.L. (1999) Use of DRI in steelmaking. Feinman J. and Mac Rae
D.R. Direct Reduced Iron: Technology and economics of production and use. Ch. 9, Warrendale,
PA: Iron and Steel Society. P. 127-144.

[6]Bisen A. (2024) Industrial project report on metallurgical review: Production of direct reduced iron
(DRI & HBI). Technical report.

[7]Ramakgala C., Danha G. (2019) A review of ironmaking by direct reduction processes: Quality
requirements and sustainability. Procedia Manufacturing. vol. 35. P. 242-245.


https://greensteel.com.ua/zelena-metalurgiya/shho-take-zelena-metalurgiya/
https://greensteel.com.ua/zelena-metalurgiya/shho-take-zelena-metalurgiya/
https://metinvest.media/ua/page/mi-mamo-konkurentnu-perevagu-zelena-metalurgya--shans-dlya-ukrani-pravilno-ntegruvati-vlasnu-ekonomku-v-ekonomku-s--ceo-metnvestu-yury-rizhenkov
https://metinvest.media/ua/page/mi-mamo-konkurentnu-perevagu-zelena-metalurgya--shans-dlya-ukrani-pravilno-ntegruvati-vlasnu-ekonomku-v-ekonomku-s--ceo-metnvestu-yury-rizhenkov
https://metinvest.media/ua/page/mi-mamo-konkurentnu-perevagu-zelena-metalurgya--shans-dlya-ukrani-pravilno-ntegruvati-vlasnu-ekonomku-v-ekonomku-s--ceo-metnvestu-yury-rizhenkov

Meranypris 17

[8]Zervas T., McMullan J.T., Williams B.C. (1996) Direct smelting and alternative processes for the
production of iron and steel. International journal of energy research. vol. 20. P. 1103-1128.
[9]Dutta S.K., Sah R. (2016) Direct reduced iron: production. Encyclopedia of Iron, Steel, and Their

Alloys. CRC Press. P. 1082-1108

[10] Bahgat M., Abdel Halim K.S., El-Kelesh H.A., Nasr M.1. (2011) Behaviour of wiistite prepared
from Baharia iron ore sinter during reduction with CO-CO>-N, gas mixture. Mineral Processing
and Extractive Metallurgy (Trans. Inst. Min. Metall. C). vol. 120(2). P. 102-110.

[11] Spreitzer D., Schenk J. (2019) Reduction of iron oxides with Hydrogen — a review. Res.
Internat. vol. 20(10). 1900108.

[12] Osborne D. (2013) The coal handbook: towards cleaner production: coal production (1st Edi-
tion). Woodhead Publishing.

[13] Meissner S. (2002) Reduction and meltdown of pellets in the ITmk3 process. The 11th Japan-
Germany Seminar on Fundamentals of Iron and Steelmaking, 6.

[14] Lingen H.B., Steffe, R. (24 May 2007) Stand und Zukunftsperspektiven der alternativen
Erzreduktionsverfahren, Berichtsband der 134. Vollsitzung des Hochofenausschusses, Diissel-
dorf.

[15] 2023 World Direct Reduction Statistics. https://www.midrex.com/wp-
content/uploads/MidrexSTATSBook2023.Final_.pdf

[16] Maggiolino S. (24 to 28 June 2019) Technological achievements and experience on H; use for
DRI production in Energiron plants. Proceedings of METEC and 4th ESTAD, Diisseldorf.

[17] General Green Hydrogen Knowledge. https://www.hydrogennewsletter.com/fag-general-green-
hydrogen-knowledge/#google_vignette

[18] Rao Y.J. (1985) Stoichiometry and thermodynamics of metallurgical process. Cambridge
univ.press. Cambridge.

[19] Qu Y., Yang Y., Zou Z., Zeilstra C., Meijer K., Boom R. (2014) Thermal decomposition
behavior of fine iron ore particles. ISIJ International. vol. 54(10). P. 2196-2205.

[20] Xing L., Qu Y., Wang C., Shao L., Zou Z., Song W. (2020) Kinetic study on thermal
decomposition behavior of hematite ore fines at high temperature. Metall. Mater. Trans. B. vol.
51. P. 395-406.

[21] Shamsuddin M. (2016) Physical chemistry of metallurgical processes. John Wiley & Sons, Inc.

[22] Salmani M., Alamdari E.K., Firoozi S. (2017) Isoconversional analysis of thermal dissociation
kinetics of hematite in air and inert atmospheres. J. Therm. Anal. Calori. vol. 128. P. 1385-1390.

[23] Darken L.S., Gurry RW. (1946) The system Iron — Oxygen. Il. Equilibrium and
thermodynamics of liquid oxide and other phases. J. Am. Chem. Soc. vol. 68. P. 798-816.

[24] Ferreira S., Siguin D., Garcia F. (1994) Thermal analysis of sintering of magnetite pellets.
Ironmak. Steelmak. vol. 21. P. 119-123.

Haoiviwna oo peoaxyii 09.10.2025
Ipuiinsma nicas peyenszysanns 21.10.25
Onybanixosana 23.10.2025


https://www.midrex.com/wp-content/uploads/MidrexSTATSBook2023.Final_.pdf
https://www.midrex.com/wp-content/uploads/MidrexSTATSBook2023.Final_.pdf
https://www.hydrogennewsletter.com/

