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Pe3rome. Lienb — NpoOBECTU M3ydeHWe BOMPOCca O BO3MOXHOCTHM MCMOAbB30BaHWA Kapbrua006pasyoLLMX OKCUAOB
B KQUeCTBE KaTaAM3aTopoB AAS MpoLiecca rpadutaaumm U3AEAUA, UCMOAb3YEMbIX B METaAAYpPriun. MpoBeaeH aHaAm3
0nybAMKOBAHHbIX AAHHbIX O POAM KaTaAM3aTopoB (KapbuaoobpasyroLmMx METAAAOB U UX OKCMAOB) AAS MpoLEcca rpa-
duTU3auMK yraerpadutoBbix MaTepuanoB. NokasaHo, YTO AQHHbIE KaTaAM3aTopbl npouecca rpadputu3aunn MoryT B
3HAYUTENBHOWM CTEMEHU CHUXATb TeMmnepatypy rpadutnsaumu. Mpu aTom coxpaHArTes GPU3UKO-XMMUUYECKUE CBOWCTBA,
XapaKTepHble AAA YIAErPaPUTOBLIX MaTeEPUAN0B, FPadUTU3UPOBAHHbIX 6€3 UCNOAb30BaHUSA KaTaAM3aTopoB. BbigBae-
HO, YTO B CAyYae C CbiNy4yMMU MaTepranamMm Npu UCNOAbL30BaAHUM KaTaAM3aTOpPOB TeMnepartypa rpadputusaum MoxXeT
6bITb CHUXeHa A0 1200-1500°C (npotr 2000°C 1 6oaee). MpuBeAEHO ONMcCaHUE MeXaHM3Ma KaTaAMTUUECKOM rpa-
dUTU3auMK, BKAKOUAKOLLETO ABE PEaKLMK: B3BaUMOAENCTBUE MEXAY METAAAOM (MAM EFO OKCUMAOM) C YIAEPOAOM C 06pa-
30BaHMEM Kapbuaa; nocaeaytolliee obpas3oBaHWe YACTOrO MeTaAAa U KapbUAONoA0BHOMO rpaduTa Npu NoBbILLIEHUN
Temnepartypsbl. [loAyueHHan rpadutoBas Gpasa ABASETCS LIEHTPOM KpUCTarn3aumn. BeisBAeHa ocHOBHas npobaema
MCMOAb30BaHMA KaTaAM3aTOPOB MPW NMPOM3BOACTBE rPadUTU3UPOBAHHbBIX UBAEAMW — YAAAEHUE MPOAYKTOB peakuui,
B TOM YMCAE METAAAOB. [10Ka3aHOo, UTO MOALLUMXTOBKY KaTaAM3aTOpPOM MOXHO NMPOU3BOAUTb Ha CTaAMM CMELLEHUS U
$GOPMOBKM, BCAEACTBME UYETO YacTb MPOAYKTOB peakLmn ByAET YAAAATLCA elle Ha atane obxura 3arotoBku. Mpeano-
Aaraetcs, YTo MexaHu3M yAaAeHMA NMPOAYKTOB peakumi ByaeT CONMOCTaBUM C YAGAEHWMEM 30Abl U3 rpadUTUINPYEMOM
3aroToBKM. [pKu 3TOM AOKa3aHa aPpHEKTUBHOCTb COAEPXKAHUS KapbMA00BOPa3YHOLLMX OKCUAOB B U3AEAUU AAXE B He-
3HAUMTEABHOM KOAMUECTBE (A0 5 Macc. %). BcAeACTBUE 3TOr0, a Takxke npu yuete BO3MOXHOCTU NoABOpa KaTaAusaTo-
pa, B 3aBUCMMOCTH OT YCAOBMIN AGAbHEWLLEN SKCMAYaTaLIMKU BO3MOXHO CHUXEHWE HEFATUBHOIO BAUAHUS M3ObITOYHOMO
COAEPXaHUSA OKCUAOB B LUMXTE. TaknMm 06pa3oM, UCMIOAb30BaHWE KaTaAM3aTOPOB AN MpoLecca rpaduTU3aLnn INEK-
TPOAOB, 3KCMAYaTUPYEMbIX B METAAYPIUK, ABAAETCS NEPCNEKTUBHbLIM CMOCOOOM CHUXEHUSI TEMMepaTypbl NpoLecca,
OAHaKo TpebyeTcss MoABOP ONTUMANAbHOIO COAEPXAHMA OKCMAOB U KOPPEKTUPOBKA PEXMMOB 3AEKTPOTEPMUUECKMX
MPOLECCOB C LEAbIO apanTaLmMy TEXHOAOTUM AAST KPYNMHOrabapUTHbIX U3AEAWIA.

KaroyeBbie cnoBa: kKapbrpoobpasytolne OKCHUAbI, rpaduTM3aLms, kKaTaus, yraerpadutoBble MaTepuansl, rpadu-
TU3UPOBAHHbIE IAEKTPOABI, TPAadUTU3UPOBAHHbIE KATOAbI, rPadUTU3MPOBAHHbIE aHOADI
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Catalytic effect of carbide-forming oxides on the graphitization
of carbon objects used in metallurgy

Olga 0. Erokhina’*, Nadezhda A. Pirogova?

1JSC “Krastsvetmet”, Krasnoyarsk, Russia
2Nietz Technologies, Saint-Petersburg, Russia

Abstract. The paper aims to study the possibility of using carbide-forming oxides as catalysts for the
graphitization of objects used in metallurgy. Published data on the role of catalysts (carbide-forming metals and
their oxides) for the graphitization of carbon materials was analyzed. These graphitization catalysts are shown to be
able to significantly reduce the graphitization temperature. The physicochemical properties characteristic of carbon
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materials graphitized without the use of catalysts are preserved. It was revealed that in the case of bulk materials,
the graphitization temperature can be reduced to 1200-1500°C with the use of catalysts (as opposed to 2000°C
and above). The mechanism of catalytic graphitization involving two reactions is described: interaction between a
metal (or its oxide) and carbon with the formation of carbide; subsequent formation of pure metal and carbide-like
graphite with increasing temperature. The resulting graphite phase constitutes the crystallization nucleus. The main
problem associated with the use of catalysts in the production of graphitized objects was identified—the removal
of reaction products, including metals. It is shown that additional catalyst charging can be performed at the stage
of mixing and forming, which results in the removal of a part of the reaction products at the stage of baking.
The mechanism of removing reaction products is expected to be comparable to ash removal from the piece to be
graphitized. It was proven effective for objects to contain carbide-forming oxides, even in insignificant amounts (up
to 5 wt%). Due to this, as well as given the possibility of catalyst selection, the negative effect of excessive oxide
content in the charge can be reduced depending on further operating conditions. Thus, the use of catalysts for the
graphitization of electrodes used in metallurgy is a promising way to reduce the process temperature. However, it is
required to select the optimal oxide content and adjust the conditions of electrothermal processes in order to adapt

the technology for large-sized products.

Keywords: carbide-forming oxides, graphitization, catalysis, carbon-graphite materials, graphitized electrodes,

graphitized cathodes, graphitized anodes
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BBEAEHUE

YraerpadutoBble MaTepuanbl HaLAW LLK-
POKOE pacnpocTpaHeHWe B METAAAYPIrMUYECKOM
NPOMbILIAEHHOCTU B Ka4yeCTBe IAEKTPOAOB,
4yTo 0OYCAOBAMBAETCA WX BbICOKOW 3AEKTPO-
NMPOBOAHOCTBKO U MHEPTHOCTBID K arpeccus-
HbIM cpepaM [1]. AAS KaXAOro OTAEAbHOIo
NPOM3BOACTBA XapaKTepeH CBOW Habop Tpe-
60BaHUIN, NPEAONPEAEAAIOLLIMN KAUeCTBO Yrae-
POAHbIX UBAEAUN: TAK, B CAyYae C INEKTPOAAMMU
9NEKTPOAYrOBbIX MeYern U aHOAAMU 3AEKTPO-
AM33a aAlOMUHUA CPOK CAYXObl onpeaensieTcs
CTOMKOCTbIO K OKUCAEHWIO, 4TO 0OyCAOBAMBA-
€T UHTEPEC K OUEHKe AAHHOro napametpa wu
pelleHnam, HaueAeHHbIM Ha CHWXEeHWe pac-
X0AOBaHUS u3pennit [2]. OpHaKo ecTb obLime
CBOMCTBA 3AEKTPOAOB, BAUSAIOLLME HA SKCMNAya-
TauMto U3AEAMIW BHE 3aBMCUMOCTU OT KOHKpPET-
HOro arperara. Tak, BaXHEWLLY POAb UrpaeT
MAOTHOCTb 3AEKTPOAQ, 4TO 0OyCAOBAMBaETCA
BAUSIHUEM A@HHOIO napameTpa Ha OKUCAU-
TEAbHYIO CTOMKOCTb, Ha MHTEPKAAALMIO NOHOB
BrAyOb M3AEAUSl, HA abpasmMBHbIN U XUMUYE-
CKWIW U3HOCHI [3].

OcHOBHble NapamMeTpbl yraerpaputoBbIX U3-
AEAUUN, B TOM UUCAE SAEKTPONPOBOAHOCTb, NAOT-
HOCTb, MPOYHOCTU Ha CXaTne U U3rnb, 3aBUCAT
OT napameTpoB CblpbeBbIX Matepuanos [4] u
PEXMMOB 3INEKTPOTEPMUYECKUX MPOLLECCOB:
obxura u rpapuTudaumn [5].

Mpouecc rpadutU3aLmm UrpaeT KAKYEBYHO
POAb B MPOM3BOACTBE IAEKTPOAOB, YTO CBA3a-
HO ¢ GOPMMPOBAHUEM TPAPUTOBOMN CTPYKTYPbI
Ha AaHHOM 3Tarne, PpOCTOM pa3MepoB rekcaro-
HaAbHOW CEeTKU, GOPMMPOBAHUEM NaparreNb-
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HbIX CAOEB M B3aUMHON OpUEHTALMEN YIAEPOA-
HbIX FrEKCaroHoB [6].

MPUHATO BbIAEAATb FPaPUTUIUPYIOLLIMECSH
N HerpadUTUIUPYHOLLIMECA BWAbI YTAEPOAHbIX
MaTtepranoB. Tak, B KayecTBe HanoAHUTEAEN B
rpadUTU3MPOBAHHbBIX M3AEAUAX LLMPOKOE pac-
NPOCTPAHEHUE MOAYYUA HEDTAHOM KOKC, WC-
CAEAYHOTCA BO3MOXHOCTM BOBAEYEHUA aLETH-
AEHOBOrO U MEKOBOIro KOKCOB [7]. B cAayyae xe
9KCnAyaTaumMm aMopdHbIX UBAEAUI (Hanpumep,
KaTOAHbIX OAOKOB) MOAMHbI 3AEKTPOAM3EPOB
AN MOAYYEHUSA AaAFOMUHUA B KA4eCTBE HaMoA-
HUTEAS] TPAAMLUMOHHO MCMOAb3YHOT aHTPaLMT,
KOTOPbIM, HECMOTPS Ha BbICOKME MOKa3aTeAu
9AEKTPOMPOBOAHOCTU, XapaKTepPU3yeTca HU3-
KO rpaduUTM3npyemMocTbto [8].

Mpeanonaraetcs, 4to GaKTOPOM, BAMSO-
LLIMM Ha rpadUTU3NPYEMOCTb, ABASETCA HAAUYME
CUAbHbIX MOMEPEYHbIX CBA3EW, OCAOXHSAHOLLMX
NPOLIECC PEKPUCTANAMU3ALMK, 3aKAOUAIOLLIMICS
B CMELLEHMU CErMEHTOB, COAEpPXalUMX napan-
AeAbHble MAOCKOCTU [6]. TMOAyYEHHOE U3AEAME,
TakuM 006pa3omM, He xapaKTepuayeTca rpaduTo-
BOW CTPYKTYpOW M 0OAAAQET XyALUMMU XapakTe-
PUCTUKAMKU OTHOCUTEABHO FPadUTU3MPOBAHHOTO.
AaHHbIM GaKTOp orpaHMuYMBaET NPUMEHUMOCTb
Pa3AMUYHbIX MaTePUAn0OB, B TOM YMCAE TEXHUYE-
CKOr0 YrAepoAa, APEBECHOTO YIASl U aHTpaLUMTa.

CteneHb rpadutM3aummn NPUHATO Onpeae-
ASITb KAK KOCBEHHO MO 3HAYE€HUSIM MAOTHOCTU U
SAEKTPOMPOBOAHOCTU, TaK U NPU NPUMEHEHUU
peHTreHopa30Boro aHaamsa no nuky (002).
OCHOBHbIMX NapamMeTpamMu CUMUTAKOTCA MEX-
NMAOCKOCTHOE PacCTosiHWE oo M pa3mMepbl Kpu-
CTaAAUTOB L, 1 L [9].
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Pexunmbl npouecca rpadutU3aumn npea-
nonarartoT AOCTUXEHUS Temneparyp CBbille
2000°C (3auactyto 2400-2600°C) n nsorep-
MUYeckyro Bblaepxky [10]. MapameTpbl Ha-
rpeBa UrparoT BaXHEWLWy poAb B $OpMUpPO-
BaHWW MAOTHbIX 06Pa3LOB, B CAyYae BbICOKOM
CKOPOCTU HarpeBa BO3MOXHO obpasoBaHue
AedEeKTOB, B TOM UMCAE HEpPABHOMEpPHAA ycaa-
Ka, TPELLMHbI U Apyrue.

lpadnTn3auma Kak TEXHOAOTMUYECKUM NPO-
Lecc cBfi3aHa CO 3HaUUTEAbHbIMU 3HEpPreTnye-
CKUMM 3aTpataMmn M IKOHOMUUYECKUMW N3AEPXK-
KaMK, 4to O0OYCAOBAMBAET 3auMHTEPECOBAH-
HOCTb BO BHEAPEHUWN PELUEHWUI, MO3BOAAIOLLMX
CHU3UTb CTOMMOCTb nepepena [11]. MoOxHO
BbIAEAUTb HECKOABKO Pa3HbIX MOAXOAOB, NO3BO-
ASIOLLUMX MUHUMU3UPOBATb U3AEPXKKU. K HUM
MOXHO OTHECTU KOPPEKTUPOBKY PEXUMOB rpa-
dUTHU3auUnK, YTOo B TOM YUCAE MO3BOASET NOBbI-
CUTb LEAEBbLIE XapPaKTEPUCTUKU INEKTPOAHOM
NMPOAYKLIMKW, U UCNOAB30BAHWE KaTaAM3aTOPOB
C LEABbIO CHWXEHWA TeMnepatypbl rpadutnsa-
umn [12]. MocaepHee Takxe AaeT BO3MOXHOCTb
BOBAEKaTb B NPOLECC NPOU3BOACTBa Herpadu-
TU3MpPYEMblEe MaTepUanbl.

KATAANMTUYECKAA TIPAOUTU3ALNA

lNMpoueccbl KaTtaauUTHYEeCKOM rpaduTu3a-
LMK, BbIAEAAIOT HECKOABKO MPOLIECCOB KaTa-
AMTUUYECKOM rpaduTM3aumnun, B 3aBUCMMOCTU OT
MCXOAHOTO YIAEPOAHOrO MaTtepuana, UCMNOAb3Y-
€MOro Kataausatopa W Temneparypbl NpoLec-
ca [13].

1. O6bpasoBaHue rpaduToBON Gasbl MOXET
MPOUCXOAUT BBUAY MEPEHACbIEHUsA Npu ero
pPacTBOPEHUU B pacnraBe MeTaAAa AU Kapbu-
AQ METaAAa.

2. B cayyae ¢ npoueccamu kapbupoobpa-
30BaHMUA, NPU BbICOKUX TEMMepaTypax Npouc-
XOAWT B3aWMOAENCTBUE MEXAY METAAAOM WMAU
OKCUAOM C obpasoBaHMeM Kapbupa. C nocae-
AYIOLIMM MOBbILIEHWMEM TEMMEPATYPbl MPOUC-
XOAMT npouecc obpas3oBaHUst YMCTOrO MeTaA-
AQ, MPY 3TOM OCTaBLLMICS yraepoa GopMUpyeT
rPadUTOBYHO CTPYKTYPY, CXOXYHO MO KPUCTAAAU-
YeCKOMY CTPOEHUIO C UCXOAHBIM Kapbuaom.

3. C ueAblo ynpouleHusa npouecca rpadu-
TM3aUMM BO3MOXHO XMMUWUECKOE YAAAEHUE
MHTEPKAAMPOBAHHbIX aTOMOB, 3aTPYAHSAHOLLMX
ynopsiAoumMBaHue. OCHOBHbIM OTAMUMEM AQH-
HOro npolecca ABASETCS TO, UTO OH MOXET
ObITb UCMOAB30BAH UCKAKOUUTEABHO AAA TpadU-
TU3UPYEMbIX YTAEPOAHbBIX MaTEPUANOB.

Hanboabluer NPUMEHUMOCTBIO AASt KPYM-
HOrabapUTHbIX WU3AEAUH SABASIETCA MWCMOAb3O-
BaHWe BTOPOro npouecca - dopmuMpoBaHue
rpaduToBOM Gasbl NPM MCNOAbB30OBAHUKU Kap-
61A006pa3yroLMX METAAAOB U UX OKCUMAOB, YTO
06yCAOBAMBAETCS BO3MOXHOCTbIO MPUMELLN-
BaHWSA 4aCTU OKCMAOB B CMECb MAWM HAHECEHMUSA
Ha NOBEPXHOCTb M3AEAUS. AaHHbIV NPOLIECC He
TpebyeT BHECEHUSA 3HAUUTEAbHbIX KOPPEKTUPO-
BOK B TEXHOAOTMIO M3TOTOBAEHUSA SAEKTPOAOB U
COMNOCTaBMM C MpoueccamMu, NPOUCXOASLLIMMMU
C 30AaMM B Xxoae rpadutndaumm [141].

BAusiHUe KaTaAMTUYECKOM rpapuTusaummn
Ha rpagutusupyemoie U HerpapuTUsnpye-
Mble THUMbI YIAePOAHbIX MaTtepuanoB. [pUH-
UMNUAAbBHO TMPUHATO BbIAEASITb  Pa3AMUHbIE
CTPYKTYPbl YFAEPOAHBIX MaTtepuanos (puc. 1).
Tak, B KauecTBe NPOMEXYTOUYHOIO aTana Mexay
rpadUTU3NPYEMOMN CTPYKTYPON WMCXOAHOMO Be-
ecTBa (b) u rpaduToBom (d) BIAEAAIOT TYPOO-
CTpaTHyo (). AN AAHHOW CTPYKTYPbI XapaKTep-
HO CAyYaMHOE PACMOAOXEHUE MEXAY CAOSIMU,
npu 3ToM cobAOAaETCA NapPaAAEAbHOCTb.

MexaHn3Mbl KaTaAMTUYECKOW rpaduTn3a-
UMW B 3HAUMTEABHOM CTENEHU Pa3AMYAIOTCS AAS
rpaduUTU3npyemMbix U HerpadUTU3MPyeEMbIX Ma-
TepranoB [16]. BaanumopenctBne mexay kata-
AM3ATOPOM U TPaADPUTUIUPYEMBIM YTAEPOAHBIM
MaTtepranoM YNpoLLEHO, BCAEACTBUE Yero Gpop-
MWpOBaHWE rpaduUToOBOM CTPYKTYpPbl MPOUCXO-
AT MPY 3HAYUTEABHO MEHbLLMX Temnepartypax,
yeM B CAy4yae OTCYTCTBMA KaTaamsaTtopa [17].
Mpu nccrepoBaHUKU HerpadUTU3pyeMbIX 06pas-
LLOB YIAEPOAHbIX MaTEPUANOB U KaTaAM3aTopoB
rpaduTM3aumm HabAaropaeTcs 06pa3oBaHKe Typ-
60CTpaTHOM CTPYKTYpPbl NP BOAee HUBKUX TEM-
neparypax. [locaeayroliee AOCTUXEHUE rpadu-
TOBOW CTPYKTYpbl TPEBYET TEMNEpaATyp, CONOCTa-
BUMbIX AN 0Opa3oBaHuMA rpaduta M3 rpadutu-
31MpyeMbix MaTeprManoB 6e3 kataansartopa [18].

CpaBHeHHUe MeTaanoB U OKCHUAOB MeTan-
AOB B KayecTBe KaTaau3aTopoB. B cAayyae uvc-
CAEAOBaHUS KapbrpoobpasyroLLUX METAANOB U
OKCUAOB A@HHbIX METAAAOB B KQUeCTBe KaTaAu-
3aTOpOB HAOAIOAQETCA CXOXWI XapakTep B3a-
MMOAEWCTBUA C YIAEPOAHbIMU MaTepuaramm
(puc. 2) [19, 20].

B [19] npoBOAMAUCH UCCAEAOBAHUSA AN OO-
pasuoB rpadpuUTM3Mpyemoro HedpTAHOro KOKca
C nocaepyrowmm Harpeesom Ao 1300°C. Moay-
UeHHas CTPyKTypa cpaBHUBaAAACb C rpaduUTOM.
Ha ocHoBaHMM NPOBEAEHHbIX WUCCAEAOBAHWM
ObIA CAEAQH BbIBOA O TOM, UYTO CTEMEHb rpadu-
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Puc. 1. CxeMbl CTPYKTYp (@) U30TpomnHoro, (b) rpagutnampyemoro, (¢) TypbocTpaTtHoro, (d) rpauTnanpoBaHHOro BUAOB yrAepoAa

[15]

Fig. 1. Structure diagrams of (a) isotropic, (b) graphitized, (c) turbostratic, (d) graphitized carbon [15]

TU3aLUMKU NPU UCNOAb30BaAHUU XeAe3a U OKCUAA
XeAe3a B KayeCTBe KaTtaAm3aTopoB MAEHTHMYHA
M COOTBETCTBYET 06pa3ly rpaduta. Takum 06-
pa3oM, BO3MOXHO 3aMeLLeHWe 4YUCTOro Me-
TaAA@ OKCUAAMMU, YTO MO3BOAAET YAELLIEBAATb
NPOLUECC KaTaAUTMYECKOW rpadutmudaumu. lo-
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O0UHble NMPOAYKTbl pPeakuun B AdAbHENLIEM
MOIYT YAAAATbCS MPU UCMOAb30BAHWUM KUCAOT.
AaHHbIM NPOLIECC, OAHAKO, CKOPEE NPUMEHUM
UMEHHO AAA  MOPOLLKOOOpPa3HbiXx 006pa3LOoB
BBUAY KPYMHbIX rabaputoB U3AEAMI, IKCMAYa-
TUPYEMbIX B MPOMbILUAEHHOCTH.
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Puc. 2. AHaans mopgonroruu (a) rpadura, (b) HegtsHoro kokca GPC (0T aHrA. graphitized petroleum coke - rpaguT3npoBaHHbIk
He@TAHOM KOKC) MOCAe BbICOKOTEMMEPATypHOK 06paboTku, (¢) HegTaHoro kokca GPC ¢ Fe mocAe BbICOKOTEMeparypHoH
06pabortku, (d) HepTsaHoro kokca GPC ¢ Fe,0s nocae BbICOKOTEMMEPATYPHOK 06paboTku, (€) HedTaHoro kokca GPC, (f) HegTaHoro
kokca GPC c Fe, (g) HegtsiHoro kokca GPC ¢ Fe,05 [19]

Fig. 2. Morphology analysis of (a) graphite, (b) GPC graphitized petroleum coke after high temperature treatment, (c) GPC
graphitized petroleum coke with Fe, (d) GPC graphitized petroleum coke with Fe,0s, (€) GPC graphitized petroleum coke, (f) GPC
graphitized petroleum coke with Fe, (g) GPC graphitized petroleum coke with Fe;03 [19]
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MexaHn3m B3anMoAEUCTBUA MEXAY Kap-
6Ma006pa3yroMM OKCUAOM WM YIA€POAOM.
Peakumu, NPOUCXOASILLME B XOAE HarpeBa yrae-
POACOAEPXKALLErO M3AEAUS C OKCUAAMU Kapbu-
AC06pa3yoLLMX METAANOB, B 0OLLEM BUAE MO-
ryT 6bITb OnNMcaHbl obpasoBaHUeM Kapbuaa (1)
N MeTanna (2):

2MeO + 2C = 2MeC + O, (1)
MeC =Me + C (2)

Mo dopmyae (1) nporcxoAnT obpasoBaHue
kKapbupa, Npu 3TOM AN KAXAOTro M3 Kapbuao-
06pasyroLMX OKCUAOB TemmnepaTtypa kapbupo-
obpasoBaHUs pa3AnyaeTcsi, B 06LIEM cAyyae
npesbiwasa 1000°C [21].

B panbHeWLIeM npu HarpeBe No peakumu
(2) npoucxoasT obpasoBaHne MeTanna [22] u
nocaeaytouiee BbipeAeHre rpadutoBon ¢asbi.
B cAyuae ¢ neyamu rpadutM3aumm AN METaNAA
XapaKTepHO AaAbHeEWLlee ucnapeHue, baaro-
AApPs YEMY B XOAE MOCAEAYIOLLEN IKCNAyaTaLMK
rpadUTU3MPOBAHHOIO U3AEAUS HE MPOUCXOAUT
3arpsAi3HEHUA MNPOU3BOAMMOIO MeTanna WAK
cnAaBa NPOAYKTaMW peakuMu KaTaAMTUUYECKOM
rpadutusaumum [23].

B AuTepatypHbIX WUCTOUHMKAX MNPeACTaBAE-
Hbl A@HHblE MO BOBAEUYEHUIO B KA4eCTBE KaTa-
AM3ATOPOB Pa3AUUHbIX KapbupoobpasyoLmx
OKCHAOB, B TOM UYMCAE OKCUAA KPeMHUA [24],
oKcupa xpoma [25], okcnaa MoanbaeHa [26],
OKCUAQ BaHaama [27], okcupa xenesa [19, 28]
N OKCUAA HUKeAS [29]. AAA OKCUAOB XeAes3a 1
HUKEAsl XxapakTepHa Hanboaee HU3Kas Temne-
patypa kKapbupoobpaloBaHWs, UTO ABAAETCS
NPEUMYLLLECTBOM B CAyYae C UX UCMOAb30BaHMU-
€M B KauyecTBe kaTtaAM3aTopoB. [pu atom Hau-
6onee MOAXOAALUMM COEAMHEHWEM SABASIETCS
OKCUA XeAes3a, uTo 0OYyCAOBAMBAETCA HU3KOWM
TemMnepaTtypor BO3roHKM 0Opa3yemMoro MeTaa-
AQ U €r0 HU3KOW CTOMMOCTbHO.

Pe>xumbl npouecca KaTaAMTUYECKOM rpa-
¢utszaummn. Ha temnepatypy rpadutusaumu
BAMSAIOT pPa3AU4YHble GaKTopbl, B TOM YUCAE
BblOpaHHbIA KaTaAM3aTop M ero Temneparypa
kapbupoobpaszoBaHUAa, pa3mep YacTul, KaTa-
amzatopa [30] n yraerpadmutoBoro matepuana
(B cAyyae, ecAn BbibpaH cbinyunii obpasel),
paBaeHWe [31], npeaABapUTEAbHOE CMeELLUUBa-
HWEe, MaccoBasi AOAA KaTaAu3aTopa, NopoBas
CTPYKTYpa YrAepPOAHOro Mmatepuana [32].

Hauayuline pesyabtatbl AOCTUratoTca B
CAyYae UCNOAb30BaHUA HeboAbLIMX 06pa3LoB
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C pas3BUTOM NOPOBOW CTPykTypon [33], uTo
CBAA3aHO C YBEAMUYEHMEM MAOLLLAAN AOCTYMHOM
noBepxHOCTU. [Ipeanonaraerca Takxe, u4TO
CBA3YIOLWME MaTepuanbl, NPOXOASLLME yeped
XMAKOPA3HOE COCTOAAHME, MMEKT OOAbLUYHO
PaCnoOAOXEHHOCTb K KaTaAUTUUYECKoW rpadu-
TM3aumumn, 4to 0OYCAOBAMBAETCS BO3MOXHO-
CTbi0O PaBHOMEPHOr0 pacrnpeAeneHuss Cbiny-
yero Kataamsatopa B CMNAOLUHOM CMEYEHHOM
Tene KapbOHU3MPOBAHHOIO KaMEHHOYTOAbHO-
ro neka [21, 341].

Temnepatypa rpadutMsaummn CHUXaETCH
npu yBEAMUYEHUU COAEPXAHWA KaTaAM3aTopa
[35]. Tak, npepnoAaraeTcs, YT0 ONTUMaAbHbIM
3HAUYEHWEM COAEPXaHUA OKcMAOB bByaeT 40-
50 macc. %, OAHAKO Takxe AOKasaHa adodek-
TMBHOCTb B CAy4Yae CoAep)XaHua A0 5 macc. %
Katanusartopa [13].

NMPUMEHUMOCTb NMPOLIECCA
KATAAUTUYECKOWN NTPAGUTU3ALIUU
AAA YINAETPAGUTOBBIX USAENUN,
SKCNAYATUPYEMbIX B METAAAYPTUU

B cAyyae ¢ MCNOAb30BaHMEM KaTaAUTUue-
CKOW rpadutTU3aLnmn AN TPaPUTU3MPOBAHHbIX
N3AEAUK, UCMNOAb3YEMbBIX B METAAAYPruu, Ha-
O6At0AaETCA PAA OrpaHUMYeHUI. Tak, INEKTPOADI
XapaKTepU3yrTCa 3HAUMTEAbHBIMKU pa3mepa-
MW, @ TakXKe HU3KOW MOPUCTOCTbIO [36], 4TO
06yCAOBAMBAET 3aTPYAHEHWUSI MPWU HAHECEHWU
Kapbrao06pasyroLLIMX OKCUAOB U AAAbHEWLLIEM
NX YAQAEHUMN.

MepBOCTENEHHBIM ABASIETCS CAOXHOCTb B
NOALLMXTOBKE OKCWMAOB K CbIPbO, WMCMOAb3Ye-
MOMY MPU M3FOTOBAEHUWU YrAerpapuUToBbIX W3-
ANV, PelieHnemMm paHHOW NPoBAeMbl MOXET
ABAATbCA AODABAEHWE OKCMAOB Ha 3Tane cme-
LWeHMA 1 GOPMOBKM, YTO NO3BOAUT paBHOMEP-
HO pacnpeAeAuTb KaTaAM3aTop B IAEKTPOAE.
Ha atane obxwura AONOAHUTEAbHASA paBHOMEp-
HOCTb pacrnpeaeneHus BypeT AocTuratbest baa-
roAaps YAAAEHUI AETYUYMX COEAMHEHUN U3 Ka-
MEHHOYrOALHOTO neka [37].

YpaneHve noboyHbIX MPOAYKTOB peakumu, B
TOM YMCAE METaAAa, NPU Harpese yraerpapuTto-
BOro uspenrsa Byaet NpPoOMCXOAMT MOCPEACTBOM
BbIAEAEHWSI YepPEe3 MOPOBYHD CTPYKTYPY, KOTO-
pas A0 npouecca NPONUTKN ABASIETCA Pa3BUTOM
B AocTaTouHoM cteneHun [38]. Mpun aTom cAepy-
€T OTMETUTb, UYTO B Ka4yecCcTBE KaTaAM3aTOpoOB
Hanbonee NoAXOASLMM ByAET MCMOAb30OBaHME
OKCMAOB C HMU3KOMW Temnepatypon kapbuao- u
MeTaAN000pa30BaHMSA.
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BaxHO yuuTbiBaTb cneumduky AanbHEWLLIEN
3KCNAyaTaumMm rotoBoro uspenus. Tak, B CAyuae
C 9NEKTPOAAMMU INEKTPOAYTOBbIX MEeYen AOMOA-
HUTEAbHaAs MOALLMXTOBKA OKCMAOM Xpoma SB-
ASIeTCA BAaronpuATHLBIM GaKTOPOM HE TOAbKO B
CAy4Yae CO CTEMEHbIO rpadUTU3aLMK, HO TAKXKE U
AAS TOBbILLEHUSA OKUCAUTEABHOM CTOMKOCTM [21].

C uenbto nopbopa onNTMMaAbHbIX Napame-
TPOB KaTaAMTMYECKOW rpaduTU3aumm Kpyn-
HorabapuTHbIX YrAerpadUTOBbIX U3AEAWUIA, UC-
NOAb3yEMbIX B METAAAYPIUK, TPEOYIOTCA AOMOA-
HUTEAbHbIE UCCAEAOBaHUSA. Mpn 3TOM Aaxe He-
3HAUUTEABHOE CHUXEHWE TeMNepaTypbl INEK-
TPOTEPMUYECKUX NPOLECCOB NPU COXPaHEHUU
3HauYeHUn OU3UKO-XMMUUYECKMX NapamMeTpoB
3AEKTPOAOB MO3BOAUT CHU3UTb 3KOHOMUYECKHME
N3AEPXKM Ha NPOLIECC M3rOTOBAEHUA rpaduUTh-
3UPOBAHHbIX U3AEAWN.

3AKAHOYEHUE

OKOHOMMUYUECKME MBAEPXKKU Ha npouecc
rpaduTM3aLmMmM MoryT ObiTb CHUXEHbI MPU UC-
MOAb30BAHWM KATaAM3aTOPOB, KOTOPblE MO-
3BOAAIOT YMEHbLLIATh TEMNepaTypy NMoAyYeHUs
rpaduUTOBON CTPYKTYPbl. B KauecTBe kataausa-

TOPOB MOTYT BbICTYNaTb Kak Kapbnuaoobpasyto-
LLIME METaAAbI, TaK U UX OKCUAbI C UAEHTUYHOM
30 PEKTUBHOCTLIO.

AOPEKTUBHOCTb MPUMEHEHUSA KaTaAM3aTo-
POB AASl KPYNMHOrabapuUTHbIX U3AEAUI, IKCMNAYa-
TUPYEMbIX B METAAAYPIUn, U3yYeHa B HEAOCTa-
TOUYHOW CTEMEHU, UTO 0BYCAOBAMBAETCS PAAOM
OrpPaHUYEHU, B TOM YUCAE CAOXHOCTSMU B
NMOALLMXTOBKE U AAAbHEWLUMM YAQAEHWMEM MPO-
AYKTOB peakuun. OAHAKO B CAydae C HU3KUM
COAEpXaHWeM KaTaausatopa (A0 5 macc. %)
A@HHblE 3apauk ABAAKOTCA pellaeMbIiMU U Tpe-
6ytOT AONMOAHUTEABHOIO U3yYEHUS.

KaTtaantnueckas apPpeKTMBHOCTb HAabAOA-
AaCb AASt BOABbLLIOIO YMCAa Kapbuaoobpasyto-
LLIUX OKCUAOB, YTO MO3BOASIET TMOKO NMOAXOAWUTH
K nopbopy Kataamsatopa. Hanboabluas 3KOHO-
MUyeckasa 3OPEKTMBHOCTb MOXET AOCTUraTbCA
NpPU MCNOAb30BAHUU OKCUAOB C HU3KOW TEM-
nepatypon Kapbupo- n Metanno0bpa3oBaHUSA
(Hanpumep, OKCUMAOB xeAesa). [pn aToM MNoA-
60p KaTaAM3aTOPOB MOXET BECTUCb C yYETOM
NOTEHUMAABHOIO MOAOXUTEABHOTO 3ddeKTa
NPOAYKTOB peakLMM Ha AQAbHEWMLLYIO 3KCMNAya-
Tauuo U3AEAUS.

CnMucoK UICTOYHUKOB

1. Feng Gao, Naixiang Feng, Qingren Niu, Hua He, Liguo Han, Jianzhuang Yang. Study on graphitization of cathode
carbon blocks for aluminum electrolysis // Light Metals / eds. C.E. Suarez. Cham: Springer, 2012. P. 1355-1357.
https://doi.org/10.1007/978-3-319-48179-1_234.

2. Moghadam H.A., Jabbari M., Daneshmand S., Jazi S.R., Khosravi A. Effects of TiO,/SiC/SiO, coating on
graphite electrode consumption in sublimation and oxidation states as determined by EAF simulation and
experimental methods // Surface and Coatings Technology. 2021. Vol. 420. P. 127340. https://doi.org/10.1016/
j.surfcoat.2021.127340.

3. Saitov A.V., Bazhin V.Yu. Features of using modified carbon-graphite lining materials in aluminum electrolyzers
// Refractories and Industrial Ceramics. 2018. Vol. 59. No. 3. P. 278-286. https://doi.org/10.1007/s11148-018-
0221-5.

4. Zhu Yaming, Liu Huimei, Xu Yunliang, Hu Chaoshuai, Zhao Chunlei, Cheng Junxia, et al. Preparation and
characterization of coal-pitch-based needle coke (part lll): the effects of quinoline insoluble in coal tar pitch //
Energy & Fuels. 2020. Vol. 34. Iss. 7. P. 8676-8684. https://doi.org/10.1021/acs.energyfuels.0c01049.

5. Ragan S., Marsh H. Science and technology of graphite manufacture // Journal of Materials Science. 1983.
Vol. 18. P. 3161-3176. https://doi.org/10.1007/BF00544139.

6. Y66enope A.P. [paduT 1 ero KpUcTarAMUECKUE COEAMHEHUSA / NeP. C aHrA.; NoA pea. E.C. ToaroBuHoM 1 O.A. LlyxaHo-
Bor. M.: Mup, 1965. 256 c.

7. Perruchoud R., Fischer W., Meier M., Mannweiler U. Coke selection criteria for abrasion resistant graphitized
cathodes // Light Metals / eds. S.J. Lindsay. Cham: Springer, 2011. P. 1067-1072. https://doi.org/10.1007/97 8-
3-319-48160-9_181.

8. Belitskus D. Effect of anthracite properties and formulation on properties of bench scale cathode blocks
for aluminum smelting // Metallurgical Transactions B. 1976. Vol. 7. P. 543-549. https://doi.org/10.1007/
BF02698586.

9. Oberlin A., Boichard S., Oshida K. Landmarks for graphitization // Tanso. 2006. Vol. 224. P. 281-298. https://
doi.org/10.7209/tans0.2006.281.

10. Frohs W., Roefner F. Expansion of carbon artifacts during graphitization - an industrial issue // Tanso. 2015.
Bbin. 267. P. 77-83. https://doi.org/10.7209/tans0.2015.77.

11. Kuznetsov D.M., Korobov V.K. A comparison of properties of electrodes graphitized by the Acheson and Castner
methods // Refractories and industrial ceramics. 2001. Vol. 42. No. 9-10. P. 355-359. https://doi.org/10.1023/
A:1014022730724.

https://ipolytech.elpub.ru 629



https://ipolytech.elpub.ru
https://doi.org/10.1007/978-3-319-48179-1_234
https://doi.org/10.1016/j.surfcoat.2021.127340
https://doi.org/10.1016/j.surfcoat.2021.127340
https://doi.org/10.1007/s11148-018-0221-5
https://doi.org/10.1007/s11148-018-0221-5
https://doi.org/10.1021/acs.energyfuels.0c01049
https://doi.org/10.1007/BF00544139
https://doi.org/10.1007/978-3-319-48160-9_181
https://doi.org/10.1007/978-3-319-48160-9_181
https://doi.org/10.1007/BF02698586
https://doi.org/10.1007/BF02698586
https://doi.org/10.7209/tanso.2006.281
https://doi.org/10.7209/tanso.2006.281
https://doi.org/10.7209/tanso.2015.77
https://doi.org/10.1023/A:1014022730724
https://doi.org/10.1023/A:1014022730724

m I 2024.T. 28. Ne 4. C. 623-633 ISSN 2782-4004 (print)
IPOI ECh Journal 2024;28(4):623-633 ISSN 2782-6341 (online)

12. Oya A., Yamashita R., Otani S. Catalytic graphitization of carbons by borons // Fuel. 1979. Vol. 58. Iss. 7.
P. 495-500. https://doi.org/10.1016/0016-2361(79)90167-4.

13. Marsh H., Warburton A.P. Catalysis of graphitisation // Journal of Applied Chemistry. 1970. Vol. 20. No. 4.
P. 133-142. https://doi.org/10.1002/jctb.5010200409.

14. Yanbix E.®. TexHoAOrMA M 0OOPYAOBAHME SAEKTPOAHbIX WM IAEKTPOYFOAbHbIX MpPeAnpuaThiA. M.: MeTtaaayprus,
1972. 423 c.

15. Oya A., Marsh H. Phenomena of catalytic graphitization // Journal of Materials Science. 1982. Vol. 17. P. 309-
322. https://doi.org/10.1007/BF00591464.

16. Oya A., Otani S. Catalytic graphitization of carbons by various metals // Carbon. 1979. Vol. 17. Iss. 2. P. 131-
137. https://doi.org/10.1016/0008-6223(79)90020-4.

17. Bitencourt C.S., Luz A.P., Pagliosa C., Pandolfelli V.C. Role of catalytic agents and processing parameters in
the graphitization process of a carbon-based refractory binder // Ceramics International. 2015. Vol. 41. Iss. 10-A.
P. 13320-13330. https://doi.org/10.1016/j.ceramint.2015.07.115.

18. Yokokawa C., Hosokawa K., Takegami Y. A kinetic study of catalytic graphitization of hard carbon // Carbon.
1967.Vol. 5. Iss. 5. P. 475-480. https://doi.org/10.1016/0008-6223(67)90024-3.

19. Nugroho A., Nursanto E.B., Pradanawati S.A., Oktaviano H.S., Nilasary H., Nursukatmo H. Fe based catalysts for
petroleum coke graphitization for Lithium lon battery application // Materials Letters. 2021. Vol. 303. P. 130557.
https://doi.org/10.1016/j.matlet.2021.130557.

20. Thompson E., Danks A.E., Bourgeois L., Schnepp Z. Iron-catalyzed graphitization of biomass // Green Chemistry.
2014. Vol. 17. No. 1. P. 551-5586. https://doi.org/10.1039/C4GC01673D.

21. ®euweHko P.HO., EpoxunHa 0.0., AutaBpuH W.0., Psbouiyk C.B. MoBblllEHWE OKUCAUTEABHOM CTOMKOCTU rpadu-
TUPOBAHHbIX SAEKTPOAOB AYroBbix neven // YepHble MeTannbl. 2023. Ne 7. P. 31-36. https://doi.org/10.17580/
chm.2023.07.03.

22. Notton G., Caluianu I., Colda I., Caluianu S. Influence d’'un ombrage partiel sur la production électrique d’un
module photovoltaique en silicium monocristallin // Journal of Renewable Energies. 2010. Vol. 13. Iss. 1. C. 49-62.
https://doi.org/10.54966/jreen.v13i1.177.

23. HemuwnHoBa H.B., XoaHr B.B., AnoHuyk U.U. N3yueHne xummnyeckoro coctaBa papuUHUPOBOYHbIX LLUAAKOB KPEM-
HMEBOIO NPOU3BOACTBA ANl MOMCKA MyTEN MX PaLMOHaAbHOM nepepaboTku // BecTHMK MpKyTCKOro rocyaapCTBEHHOMO
TexHU4Yeckoro yHnsepcuteta. 2021. T. 25. Ne 2. C. 252-263. https://doi.org/10.21285/1814-3520-2021-2-252-
263. EDN: ESAGIL.

24. Bachmatiuk A., Borrnert F., Grobosch M., Schaffel F., Wolff U., Scott A., et al. Investigating the graphitization
mechanism of SiO2 nanoparticles in chemical vapor deposition // Acs Nano. 2009. Vol. 3. Iss. 12. P. 4098-4104.
https://doi.org/10.1021/nn9009278.

25. Mochida I., Ohtsubo R., Takeshita K., Marsh H. Catalytic graphitization of graphitizable carbon by chromium,
manganese and molybdenum oxides // Carbon. 1980. Vol. 18. Iss. 1. P. 25-30. https://doi.org/10.1016/0008-
6223(80)90077-9.

26. Mochida 1., Ohtsubo R., Takeshita K., Marsh H. Catalytic graphitization of non-graphitizable carbon by
chromium and manganese oxides // Carbon. 1980. Vol. 18. Iss. 2. P. 117-123. https://doi.org/10.1016/0008-
6223(80)90019-6.

27. Zhang Yude, Li Yan, Zhang Qian, Li Guangzhen. Graphitization of anthracite catalyzed by single metal oxides
and its enhanced electrical conductivity // International Journal of Coal Preparation and Utilization. 2024. Vol. 44.
Iss. 9. P. 1227-1245. https://doi.org/10.1080/19392699.2023.2270925.

28. Gomez-Martin A., Schnepp Z., Ramirez-Rico J. Structural evolution in iron-catalyzed graphitization of
hard carbons // Chemistry of Materials. 2021. Vol. 33. Iss. 9. P. 3087-3097. https://doi.org/10.1021/acs.
chemmater.0c04385.

29. Wang Keliang, Cao Yuhe, Wang Xiaomin, Kharel P.R., Gibbons W., Luo Bing, et al. Nickel catalytic graphitized
porous carbon as electrode material for high performance supercapacitors // Energy. 2016. Vol. 101. P. 9-15.
https://doi.org/10.1016/j.energy.2016.01.059.

30. Oya A., Otani S. Influences of particle size of metal on catalytic graphitization of non-graphitizing carbons //
Carbon. 1981. Vol. 19. Iss. 5. P. 391-400. https://doi.org/10.1016/0008-6223(81)90064-6.

31. Liu Yuanchao, Liu Qinglei, Gu Jiajun, Kang Danmiao, Zhou Fengyu, Zhang Wang, et al. Highly porous graphitic
materials prepared by catalytic graphitization // Carbon. 2013. Vol. 64. P. 132-140. https://doi.org/10.1016/].
carbon.2013.07.044.

32. Casado A., Torralba J.M., Milenkovic S. Wettability and infiltration of liquid silicon on graphite substrates //
Metals. 2019. Vol. 9. Iss. 3. P. 300. https://doi.org/10.3390/met9030300.

33. Roger J., Chollon G. Mechanisms and kinetics during reactive infiltration of molten silicon in porous
graphite // Ceramics International. 2019. Vol. 45. Iss. 7-A. P. 8690-8699. https://doi.org/10.1016/
j.ceramint.2019.01.191.

34. Lewis I.C. Chemistry of pitch carbonization // Fuel. 1987. Vol. 66. Iss. 11. P. 1527-1531. https://doi.org/
10.1016/0016-2361(87)90012-3.

35. Cao Haiyue, Li Kuo, Zhang Hao, Liu Qinfu Investigation on the mineral catalytic graphitization of anthracite
during series high temperature treatment // Minerals. 2023. Vol. 13. Iss. 6. P. 749. https://doi.org/10.3390/
min13060749.

630 https://ipolytech.elpub.ru



https://ipolytech.elpub.ru
https://doi.org/10.1016/0016-2361(79)90167-4
https://doi.org/10.1002/jctb.5010200409
https://doi.org/10.1007/BF00591464
https://doi.org/10.1016/0008-6223(79)90020-4
https://doi.org/10.1016/j.ceramint.2015.07.115
https://doi.org/10.1016/0008-6223(67)90024-3
https://doi.org/10.1016/j.matlet.2021.130557
https://doi.org/10.1039/C4GC01673D
https://doi.org/10.17580/chm.2023.07.03
https://doi.org/10.17580/chm.2023.07.03
https://doi.org/10.54966/jreen.v13i1.177
https://doi.org/10.21285/1814-3520-2021-2-252-263
https://doi.org/10.21285/1814-3520-2021-2-252-263
https://doi.org/10.1021/nn9009278
https://doi.org/10.1016/0008-6223(80)90077-9
https://doi.org/10.1016/0008-6223(80)90077-9
https://doi.org/10.1016/0008-6223(80)90019-6
https://doi.org/10.1016/0008-6223(80)90019-6
https://doi.org/10.1080/19392699.2023.2270925
https://doi.org/10.1021/acs.chemmater.0c04385
https://doi.org/10.1021/acs.chemmater.0c04385
https://doi.org/10.1016/j.energy.2016.01.059
https://doi.org/10.1016/0008-6223(81)90064-6
https://doi.org/10.1016/j.carbon.2013.07.044
https://doi.org/10.1016/j.carbon.2013.07.044
https://doi.org/10.3390/met9030300
https://doi.org/10.1016/j.ceramint.2019.01.191
https://doi.org/10.1016/j.ceramint.2019.01.191
https://doi.org/10.1016/0016-2361(87)90012-3
https://doi.org/10.1016/0016-2361(87)90012-3
https://doi.org/10.3390/min13060749
https://doi.org/10.3390/min13060749

EpoxuHa 0.0., lMuporoBa H.A. KataauTiueckoe BAMSIHUE Kapbrna006pasyroLLmx OKCUAOB Ha MPOLEeCC rpaputmsaLmm...
Erokhina 0.0., Pirogova N.A. Catalytic effect of carbide-forming oxides on the graphitization of carbon objects used in metallurgy

36. Patel P., Hyland M., Hiltmann F. Influence of internal cathode structure on behavior during electrolysis part Il
Porosity and wear mechanisms in graphitized cathode material // Light Metals / eds. A. Tomsett, J. Johnson. Cham:
Springer, 2016. P. 1017-1022. https://doi.org/10.1007/978-3-319-48200-2_136.

37. Arnesen K., Aarhaug T.A., Einarsrud K.E., Tranell G.M. Influence of atmosphere and temperature on polycyclic
aromatic hydrocarbon emissions from green anode paste baking // ACS Omega. 2023. Vol. 8. Iss. 20. P. 18116-
18121. https://doi.org/10.1021/acsomega.3¢c01411.

38. Kim Changkyu, Kwon Woong, Lee Moon Hee, Woo Jong Seok, Jeong Euigyung. Correlation between Pitch
Impregnation pressure and pore sizes of graphite block // Materials. 2022. Vol. 15. Iss. 2. P. 561. https://doi.org/
10.3390/ma15020561.

References

1. Feng Gao, Naixiang Feng, Qingren Niu, Hua He, Liguo Han, Jianzhuang Yang. Study on graphitization of cathode
carbon blocks for aluminum electrolysis. In: Suarez C.E. (eds.). Light Metals. Cham: Springer; 2012, p. 1355-1357.
https://doi.org/10.1007/978-3-319-48179-1_234.

2. Moghadam H.A., Jabbari M., Daneshmand S., Jazi S.R., Khosravi A. Effects of TiO,/SiC/SiO, coating on
graphite electrode consumption in sublimation and oxidation states as determined by EAF simulation and
experimental methods. Surface and Coatings Technology. 2021;420:127340. https://doi.org/10.1016/
j.surfcoat.2021.127340.

3. Saitov A.V., Bazhin V.Yu. Features of using modified carbon-graphite lining materials in aluminum
electrolyzers. Refractories and Industrial Ceramics. 2018;59(3):278-286. https://doi.org/10.1007/s11148-
018-0221-5.

4. Zhu Yaming, Liu Huimei, Xu Yunliang, Hu Chaoshuai, Zhao Chunlei, Cheng Junxia, et al. Preparation and
characterization of coal-pitch-based needle coke (Part lll): The effects of quinoline insoluble in coal tar pitch. Energy
& Fuels. 2020;34(7):8676-8684. https://doi.org/10.1021/acs.energyfuels.0c01049.

5. RaganS., Marsh H. Science and technology of graphite manufacture. Journal of Materials Science. 1983;18:3161-
3176. https://doi.org/10.1007/BF00544139.

6. Ubbelohde A.R. Graphite and its crystal compounds. Oxford: Clarendon Press; 1960, 217 p. (Russ. ed.: Grafit
i ego kristallicheskiye soyedineniya. Moscow: Mir; 1965, 256 p.)

7. Perruchoud R., Fischer W., Meier M., Mannweiler U. Coke selection criteria for abrasion resistant graphitized
cathodes. In: Lindsay S.J. (eds.). Light Metals. Cham: Springer; 2011, p. 1067-1072. https://doi.org/10.1007/978-
3-319-48160-9_181.

8. Belitskus D. Effect of anthracite properties and formulation on properties of bench scale cathode blocks for
aluminum smelting. Metallurgical Transactions B. 1976;7:543-549. https://doi.org/10.1007/BF02698586.

9. Oberlin A., Boichard S., Oshida K. Landmarks for graphitization. Tanso. 2006;224:281-298. https://doi.org/
10.7209/tans0.2006.281.

10. Frohs W., RoeRner F. Expansion of carbon artifacts during graphitization - an industrial issue. Tanso.
2015;267:77-83. https://doi.org/10.7209/tans0.2015.77.

11. Kuznetsov D.M., Korobov V.K. A comparison of properties of electrodes graphitized by the Acheson and
Castner methods. Refractories and industrial ceramics. 2001;42(9-10):355-359. https://doi.org/10.1023
/A:1014022730724.

12. Oya A., Yamashita R., Otani S. Catalytic graphitization of carbons by borons. Fuel. 1979;58(7):495-500.
https://doi.org/10.1016/0016-2361(79)90167-4.

13. Marsh H., Warburton A.P. Catalysis of graphitization. Journal of Applied Chemistry. 1970;20(4):133-142.
https://doi.org/10.1002/jctbh.5010200409.

14. Chalykh E.F. Technology and equipment of electrode and electric coal enterprises. Moscow: Metallurgiya; 1972,
423 p. (In Russ.).

15. Oya A., Marsh H. Phenomena of catalytic graphitization. Journal of Materials Science. 1982;17:309-322.
https://doi.org/10.1007/BF00591464.

16. OyaA.,OtaniS. Catalytic graphitization of carbons byvarious metals. Carbon. 1979;17(2):131-137. https://doi.org/
10.1016/0008-6223(79)90020-4.

17. Bitencourt C.S., Luz A.P., Pagliosa C., Pandolfelli V.C. Role of catalytic agents and processing parameters in the
graphitization process of a carbon-based refractory binder. Ceramics International. 2015;41(10-A):13320-13330.
https://doi.org/10.1016/j.ceramint.2015.07.115.

18. Yokokawa C., Hosokawa K., Takegami Y. A kinetic study of catalytic graphitization of hard carbon. Carbon.
1967;5(5):475-480. https://doi.org/10.1016/0008-6223(67)90024-3.

19. Nugroho A., Nursanto E.B., Pradanawati S.A., Oktaviano H.S., Nilasary H., Nursukatmo H. Fe based catalysts
for petroleum coke graphitization for Lithium-ion battery application. Materials Letters. 2021;303:130557.
https://doi.org/10.1016/j.matlet.2021.130557.

20. Thompson E., Danks A.E., Bourgeois L., Schnepp Z. Iron-catalyzed graphitization of biomass. Green Chemistry.
2014;17(1):551-556. https://doi.org/10.1039/C4GCO1673D.

21. Feshchenko R.Y., Erokhina 0.0., Litavrin .O., Ryaboshuk S.V. Improvement of oxidation resistance of arc furnace
graphite electrodes. Chernye Metally. 2023;7:31-36. https://doi.org/10.17580/chm.2023.07.03.

https://ipolytech.elpub.ru 631



https://ipolytech.elpub.ru
https://doi.org/10.1007/978-3-319-48200-2_136
https://doi.org/10.1021/acsomega.3c01411
https://doi.org/10.3390/ma15020561
https://doi.org/10.3390/ma15020561
https://doi.org/10.1007/978-3-319-48179-1_234
https://doi.org/10.1016/j.surfcoat.2021.127340
https://doi.org/10.1016/j.surfcoat.2021.127340
https://doi.org/10.1007/s11148-018-0221-5
https://doi.org/10.1007/s11148-018-0221-5
https://doi.org/10.1021/acs.energyfuels.0c01049
https://doi.org/10.1007/BF00544139
https://doi.org/10.1007/978-3-319-48160-9_181
https://doi.org/10.1007/978-3-319-48160-9_181
https://doi.org/10.1007/BF02698586
https://doi.org/10.7209/tanso.2006.281
https://doi.org/10.7209/tanso.2006.281
https://doi.org/10.7209/tanso.2015.77
https://doi.org/10.1023/A:1014022730724
https://doi.org/10.1023/A:1014022730724
https://doi.org/10.1016/0016-2361(79)90167-4
https://doi.org/10.1002/jctb.5010200409
https://doi.org/10.1007/BF00591464
https://doi.org/10.1016/0008-6223(79)90020-4
https://doi.org/10.1016/0008-6223(79)90020-4
https://doi.org/10.1016/j.ceramint.2015.07.115
https://doi.org/10.1016/0008-6223(67)90024-3
https://doi.org/10.1016/j.matlet.2021.130557
https://doi.org/10.1039/C4GC01673D
https://doi.org/10.17580/chm.2023.07.03

ISSN 2782-4004 (print)
ISSN 2782-6341 (online)

u 2024.T.28. N2 4. C. 623-633
IPolytech Journal 2024:25(45625.633

22. Notton G., Caluianu I., Colda 1., Caluianu S. Influence d’'un ombrage partiel sur la production électrique
d’un module photovoltaique en silicium monocristallin. Journal of Renewable Energies. 2010;13(1):49-62.
https://doi.org/10.54966/jreen.v13i1.177.

23. Nemchinova N.V., Hoang V.V., Aponchuk L.I. Research into the chemical composition of refinery slag from
silicon production for its efficient recycling. Proceedings of Irkutsk State Technical University. 2021;25(2):252-263.
(In Russ.). https://doi.org/10.21285/1814-3520-2021-2-252-263. EDN: ESAGII.

24. Bachmatiuk A., Borrnert F., Grobosch M., Schaffel F., Wolff U., Scott A., et al. Investigating the graphitization
mechanism of SiO, nanoparticles in chemical vapor deposition. Acs Nano. 2009;3(12):4098-4104.
https://doi.org/10.1021/nn9009278.

25. Mochida I., Ohtsubo R., Takeshita K., Marsh H. Catalytic graphitization of graphitizable carbon by
chromium, manganese and molybdenum oxides. Carbon. 1980;18(1):25-30. https://doi.org/10.1016/0008-
6223(80)90077-9.

26. Mochida l., Ohtsubo R., Takeshita K., Marsh H. Catalytic graphitization of non-graphitizable carbon by chromium
and manganese oxides. Carbon. 1980;18(2):117-123. https://doi.org/10.1016/0008-6223(80)90019-6.

27. Zhang Yude, Li Yan, Zhang Qian, Li Guangzhen. Graphitization of anthracite catalyzed by single metal oxides
and its enhanced electrical conductivity. International Journal of Coal Preparation and Utilization. 2024;44(9):1227-
1245. https://doi.org/10.1080/19392699.2023.2270925.

28. Gomez-Martin A., Schnepp Z., Ramirez-Rico J. Structural evolution in iron-catalyzed graphitization of hard
carbons. Chemistry of Materials. 2021;33(9):3087-3097. https://doi.org/10.1021/acs.chemmater.0c04385.

29. Wang Keliang, Cao Yuhe, Wang Xiaomin, Kharel P.R., Gibbons W., Luo Bing, et al. Nickel catalytic
graphitized porous carbon as electrode material for high performance supercapacitors. Energy. 2016;101:9-15.
https://doi.org/10.1016/j.energy.2016.01.059.

30. Oya A., Otani S. Influences of particle size of metal on catalytic graphitization of non-graphitizing carbons.
Carbon. 1981;19(5):391-400. https://doi.org/10.1016/0008-6223(81)90064-6.

31. Liu Yuanchao, Liu Qinglei, Gu Jiajun, Kang Danmiao, Zhou Fengyu, Zhang Wang, et al. Highly porous
graphitic materials prepared by catalytic graphitization. Carbon. 2013;64:132-140. https://doi.org/10.1016/
j.carbon.2013.07.044.

32. Casado A., Torralba J.M., Milenkovic S. Wettability and infiltration of liquid silicon on graphite substrates. Metals.
2019;9(3):300. https://doi.org/10.3390/met9030300.

33. Roger J., Chollon G. Mechanisms and kinetics during reactive infiltration of molten silicon in porous graphite.
Ceramics International. 2019;45(7-A):8690-8699. https://doi.org/10.1016/j.ceramint.2019.01.191.

34. Lewis I.C. Chemistry of pitch carbonization. Fuel. 1987;66(11):1527-1531. https://doi.org/10.1016/0016-
2361(87)90012-3.

35. Cao Haiyue, Li Kuo, Zhang Hao, Liu Qinfu Investigation on the mineral catalytic graphitization of anthracite
during series high temperature treatment. Minerals. 2023;13(6):749. https://doi.org/10.3390/min13060749.
36. Patel P., Hyland M., Hiltmann F. Influence of internal cathode structure on behavior during electrolysis part
II: Porosity and wear mechanisms in graphitized cathode material. In: Tomsett A., Johnson J. (eds.). Light Metals.
Cham: Springer; 2016, p. 1017-1022. https://doi.org/10.1007/978-3-319-48200-2_136.

37. Arnesen K., Aarhaug T.A., Einarsrud K.E., Tranell G.M. Influence of atmosphere and temperature on polycyclic
aromatic hydrocarbon emissions from green anode paste baking. ACS Omega. 2023;8(20):18116-18121.
https://doi.org/10.1021/acsomega.3c01411.

38. Kim Changkyu, Kwon Woong, Lee Moon Hee, Woo Jong Seok, Jeong Euigyung. Correlation between pitch
impregnation pressure and pore sizes of graphite block. Materials. 2022;15(2):561. https://doi.org/10.3390/
mal5020561.

WHO®OPMALUA OB ABTOPAX

EpoxuHa Onbra OneroBHa,

CneumanmcT N0 MapKETUHIOBbIM UCCAEAOBAHUSM,
OAO «KpaCHOSIPCKMI 3aBOA LIBETHbIX METAAANOB
umenu B.H. Tyamposa»,

660123, r. KpacHospck,

TpacnopTHbI Npoesa, 1, Poccus

>4 o.0.erokhina@gmail.com
https://orcid.org/0000-0002-9570-2309

Muporoea HapeXxapa AneKkceeBHa,
MAQALLIMIA HAYUHbI COTPYAHMK,

000 «HULL «[uppomeTannyprus»,

196247, r. CaHkT- MeTepbypr,

NAeHUHCKMI npocn., 151, od. 635, Poccus
Pirogova-n@gidrometall.ru

632

INFORMATION ABOUT THE AUTHORS

Olga 0. Erokhina,

Market Researcher,

JSC “Krastsvetmet”,

1, Transportny Proezd,

Krasnoyarsk 660123, Russia

> o.0.erokhina@gmail.com
https://orcid.org/0000-0002-9570-2309

Nadezhda A. Pirogova,

Junior Researcher,

Nietz Technologies,

151, Leninsky pr., office 635,
Saint-Petersburg 196247, Russia
Pirogova-n@gidrometall.ru

https://ipolytech.elpub.ru



https://ipolytech.elpub.ru
https://doi.org/10.54966/jreen.v13i1.177
https://doi.org/10.1021/nn9009278
https://doi.org/10.1016/0008-6223(80)90077-9
https://doi.org/10.1016/0008-6223(80)90077-9
https://doi.org/10.1016/0008-6223(80)90019-6
https://doi.org/10.1080/19392699.2023.2270925
https://doi.org/10.1021/acs.chemmater.0c04385
https://doi.org/10.1016/j.energy.2016.01.059
https://doi.org/10.1016/0008-6223(81)90064-6
https://doi.org/10.1016/j.carbon.2013.07.044
https://doi.org/10.1016/j.carbon.2013.07.044
https://doi.org/10.3390/met9030300
https://doi.org/10.1016/j.ceramint.2019.01.191
https://doi.org/10.1016/0016-2361(87)90012-3
https://doi.org/10.1016/0016-2361(87)90012-3
https://doi.org/10.3390/min13060749
https://doi.org/10.1007/978-3-319-48200-2_136
https://doi.org/10.1021/acsomega.3c01411
https://doi.org/10.3390/ma15020561
https://doi.org/10.3390/ma15020561
https://orcid.org/0000-0002-9570-2309
mailto:Pirogova-n@gidrometall.ru
https://orcid.org/0000-0002-9570-2309
mailto:Pirogova-n@gidrometall.ru

EpoxuHa 0.0., lMuporoBa H.A. KataauTiueckoe BAMSIHUE Kapbrna006pasyroLLmx OKCUAOB Ha MPOLEeCC rpaputmsaLmm...

Erokhina 0.0., Pirogova N.A. Catalytic effect of carbide-forming oxides on the graphitization of carbon objects used in metallurgy

3anaBAEHHbIN BKAAA, aBToOpoB

Bce aBTOpbI CAENaAM S3KBUBAAEHTHbIN BKAGA B MOATOTOB-
Ky ny6Ankaumu.

KoHPAUKT uHTEpEcoB
ABTOPbI 3aABAAIOT 06 OTCYTCTBUM KOHPAUKTA MHTEPECOB.

Bce aBTOpbl MPOYUTaAU M OAODPUAM OKOHYATEAbHbIN
BapUaHT PYKOIMNNCH.

UHopmauua o ctatbe
CraTbsi noctynvaa B pepakumto 15.10.2024 r.; opobpe-

Ha nocae peueHsnpoBaHnsa 02.11.2024 r.; npuHATa K
nybamkauumn 20.11.2024 r.

https://ipolytech.elpub.ru

Authors’ contribution

The authors contributed equally to the article.

Conflict of interests
The authors declare no conflict of interests.

The final manuscript has been read and approved by all
the co-authors.

Information about the article

The article was submitted 15.10.2024; approved
after reviewing 02.11.2024; accepted for publication
20.11.2024.

633



https://ipolytech.elpub.ru

