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AHHoOTanusa

AKTya/IbHOCTb HCCJIeZIOBaHUS 00YCJIOBJIEHAa HEO6X0AMMOCTbIO0 Pa3pabOTKH HOBBIX METOJUK MO YTUIN3ALUH MeTaUIMYECKHUX
0TX0/10B. /laHHOe HanpaBJieHHe, NIPY yYaCTUH Pa3JIMYHbIX HHTEHCUUIMPYIOIMX BO3JeHCTBUH, OTHOCUTCA K pecypcocbepe-
ralolUM, TEXHOJOIHYeCKUM, MUHUMHU3UPYIOIMM 00'beMbl KallMTaJbHbIX 3aTPAT Ha CbIpbE&, IPOU3BOACTBO U NMOCJIEAYIOILYIO
peasusanuio. llesib: NOJyYUTh U3 XKeJle3HbIX U MeJHbIX OTXO/I0B MUKPO3JIEKTPOHHUKH GeppuUT MeAH, [10JIe3HbIN U KpaliHe BOC-
Tpe6GOBaHHBIA NMPOAYKT B AAHHOW OTpacjy OTe4eCTBEHHOH HMPOMBIIIJIEHHOCTH, 0COGEHHO CEerojiHsl, KOrja Ha Hally CTpaHy
HaJIOXKeHO MHOXKEeCTBO CAaHKIMH, B TOM YHCJIe U II0 YaCTH MUKPO3JEKTPOHUKU. 3aTeM U3Yy4YUTb €ro MarHUTHble CBOWCTBA U
cZleJIaTh BBIBOJ, O BO3MOXKHOCTH ero NpruMeHeHHsl. 06 beKThI: 06pas3Iibl KeJIe3HbIX U MeJJHbIX OTXO/I0B B BH/Ie IUTACTUHOK, IPO-
BOJIOKH U CTPYKKH. MeTObI: BOJIOMOMETPHS, 3JIEKTPOHHAsA MUKPOCKOIIHS, peHTreHo(da30BbIl aHA/IN3, U3yYyeHHe MarHUTHOH
BOCIIPUMMUYHBOCTHU. Pe3ysibTaThl. U3 Kese30co/iepKalllUX OTXOJ0B MHKPO3JIEKTPOHUKU ObLJI MOJyYeH MeJKOJUCIIEepCHbIN
okcuz xese3a (I1I), KoTopbl HAXOAUT NPUMEHEHHe B 3JIEKTPOTEXHHKE B COCTaBe BBICOKOBOJIBTHBIX PE3UCTOPOB [JIs 3a3eMJIe-
HUSI HEUTpaIU ceTel, HOHHO-JTUTHEBBIX aKKyMYJIITOPOB, B KaueCTBE HOCUTEJISI aHAJIOrOBOU U [udpoBoi HHPOpMaLKY; B pa-
JMOTEXHUYECKOHN 0TPAC/IM B COCTaBe HU3KOBOJIBTHBIX PE3UCTOPOB, BbICOKOYACTOTHBIX Jpoccesiel, MaJorabapUTHBIX UMITYJIbC-
HbIX TpaHcopMaTopoB. U3 MeabcoAeprKalliMX OTXOA0B GbII MTOJIyYyeH MeJKOAHCIepcHbI okcu Meau (1), KoTopblit HaxoqUT
IpUMeHeHHe B IPOU3BO/ACTBE JIOMHUHO(OPOB U CYXUX aKKYMYJIITOPHBIX 3JIEMEHTOB — B 6aTapesix € »KUJKOCTHBIMU 3JIeMeHTa-
MU B Ka4ecTBe KaTo/ia, C JUTHEM B KayeCcTBe aHO/A U AMOKCAJIaHOM, CMeIIaHHbIM C IIePXJIOPATOM JIUTHS, B Ka4ecTBe 3JIeEKTPO-
suTta. Kpome Toro, oH HaxoAUT NpUMeHEHHEe B KayecTBe MOJYIPOBOAHMKA P-THUIA, IIOCKOJbKY HMEET Y3KYIO 3alpellieHHY0
30HYy 1,2 3B, UCMo/b3yeTcs PU U3rOTOBJIEHUH GOTO3JIEMEHTOB B COJTHEYHBIX MAHEJAX. M3 M0/1y4YeHHbIX OKCH/IOB ClIEKaHHUEM
ObLT CHHTE3UpOBaH ¢eppuT Meu. Kosiblia M3 TaKKX CIJIABOB C/IYXaT B TpaHCPopMaTopax cepZleyHUKOM. JleTalb B HECKOJIBKO
TBICSY pa3 MOBBILIAET UHAYKIHUI0 MarHUTHOTO N0JIs, 6J1aroAapsi 4eMy YCTPOMCTBA MepesjaloT GOJIbIIY0 MOIHOCTb, YeM OHHU
MOTJIM GBI Jles1aTh 3TO C CEPAEYHUKOM He U3 ¢peppuTa. KoJblieBble cepieYHUKH U3 depprTa BCTPEYAIOTCS He TOJBKO B TPaHC-
dopmartopax, Ho ¥ B Ipoyel 3/1eKTPOHHKe, HAIPUMep B yCTPOHUCTBAX MarHUTHOM MaMATH.

KioueBble ci0Ba: yTl/IJ'll/I3aLU/Iﬂ OTXOJO0B, MoJIy4eHue c])eppnTa MeJHy, Nojiy4yeHre OKCU/Ja »eJjie3a, ojiydeHue OKCuga Meay,
3JIEKTPOHHadA MUKPOCKOIIUH, peHTFeHO¢)a3OBblﬁ AdHaJIU3, MAarHUTHLbIE CBOﬁCTBa, MarHMTHad MaMAaThb.
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Abstract

Relevance. The need to develop new methods for metal waste disposal. This direction, with the participation of various in-
tensifying influences, refers to resource-saving, technological, minimizing the volume of capital costs for raw materials, pro-
duction and subsequent sale. Aim. To obtain copper ferrite from iron and copper waste of microelectronics. Copper ferrite is
a useful and highly demanded product in this branch of domestic industry, especially now, when many sanctions have been
imposed on our country, including in terms of microelectronics. To study its magnetic properties and draw a conclusion
about the possibility of its application. Objects. Samples of iron and copper waste in the form of plates, wire and shavings.
Methods. Volumetric analysis, electron microscopy, X-ray phase analysis, study of magnetic susceptibility. Results. The au-
thors have produced finely dispersed iron (III) oxide from iron-containing microelectronics waste. This oxide is used in elec-
trical engineering as part of high-voltage resistors for grounding the neutral of networks, lithium-ion batteries, as a carrier of
analog and digital information. In the radio engineering industry it is used as part of low-voltage resistors, high-frequency
chokes, small-sized pulse transformers. The authors produced finely dispersed copper (II) oxide from copper-containing
waste. This oxide is used in production of phosphors and dry batteries - in batteries with liquid cells as a cathode, with lithi-
um as an anode and dioxalane mixed with lithium perchlorate as an electrolyte. In addition, it finds application as a p-type
semiconductor, since it has a narrow bandgap of 1.2 eV, and manufacturing photovoltaic cells in solar panels. Copper ferrite
was synthesized from the obtained oxides by sintering. Rings made of such alloy serve as a core in transformers. The part
increases the magnetic field strength by several thousand times, making the devices transmit more power than they could
with a non-ferrite core. Ferrite ring cores are found not only in transformers, but also in other electronics (e.g. magnetic
memory).

Keywords: Waste disposal, copper ferrite production, iron oxide production, copper oxide production, electron microscopy,
X-ray phase analysis, magnetic properties, magnetic memory.
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BBegeHue

IMepepaboTka MPUPOAHBIX PeCypcoB (Pya) € LETbI0
W3BJICYCHUS U3 HUX METAJUIOB SIBISIETCS KOMILIEKCHON
WHKCHEPHO-TEXHUUYECKOW 3ajaueil, TpeOyromeld 3Ha-
YUTETBHBIX 3aTPaT MATePUAIBHBIX M JYHEPreTUYECCKHUX
PECYPCOB Ha BCeX CTaAMsA TEXHOJOTMYECKOIo MpoLec-
ca. [lomydeHHbIe METaUTBI MOCTYHAIOT B TIPOU3BOJICTBO
W3JIETIHH, KOTOPBIC MOCIe OKOHUAHMS UX SKCIUTyaTalun
9acTO YTHIM3HPYIOTCS 0€3 U3BJICUCHUS U3 HUX METal-
JIOB ITyTE€M IEpEMEIIEHHUS UX Ha MTOJUTOHBI OTXOO0B.

Kpynnsle crpansl, Takue kak Poccusl, cTaakuBaroT-
¢ ¢ TpoOiieMaMH YTWIH3ALUM TBEPABIX OTXOJOB:
UMEeT MECTO HEAOCTATOYHAs CTEeIeHb WX IepepadoT-
KM, a TaKXe CBaJKH, KOTOpbIE HE CIPOEKTUPOBAHBI
JIOJDKHBIM 00pa3oM JUTsl MPEAOTBPAILCHHS 3arpsI3HEHUS
OKpykaromen cpensl. B Poccrn 0THOCUTENBHO HU3KAS
ryOuHa TepepadOTKU OTXOJIOB, B YAaCTHOCTH Me-
TaIJI0IOMa, KOMIUIEKCHAsI IepepaboTKa KOTOPOTo ¢
MPUMEHEHUEM XMMUYECKHX TEXHOJOIMH IO3BOJIUT
BOBJICKAaTh METAJUIBI M MaTepUalIbl, IMOIyYEHHBIC M3
OTXOJIOB, B JaJbHEHIIIEE TPOM3BOJCTBO MOJIC3HOM TPO-
aykian [1-3].

BEBIOpOCH MapHUKOBBIX Ta3oB, CBSI3aHHBIE C TEp-
BHYHBIM TPOW3BOJICTBOM METAJUIOB, MPOU3BEICHHBIX
13 J00BIBaeMON pyIibl, BHOCAT 3HAUYUTENIbHBIA BKJIAA B
00IIEeMUPOBBIE BBIOPOCHI TAPHUKOBBIX Ta30B [4—6].
IlepepaboTka METaIOB HE TOJIBKO ITOMOTACT CHU3HUTH
moTpeOIICHHE CHIPBS, HO TAaKXKe CHIDKACT MOTpeOIICHHE
SHEPTuu U 3arpsi3HeHHe okpyxarouier cpensl. Ilepepa-

00TKO# 1 T CTaTLHOTO JIOMa MOKHO 3aMEHUTH JIOOBITY
1,4 T xene3Hol pynbl m W30ekaTh BbyICACHHS 1,5 T
BbIOpocoB CO,, u cokoHoMuTh 13,4 '/ mepBUYHOI
sHepruu. D10 3KBUBaJIEHTHO 73, 64 u 90 %, cooTBeT-
CTBEHHO, 10 cpaBHeHUIO co 100 % nepBUYHOTO MPOU3-
BoJCTBa [7-9]. DdeKkTuBHOE COTPYAHUYECTBO IPO-
MBIIUIGHHOCTH C HaYYHBIMH Jab0paTOpHsIMH CHOCO0-
CTBYET MHTETPAINH C 3CIICHBIMHA TEXHOJOTHIMH, TaKH-
MU KaK TiepepadoTKa pecypcoB, TOBBIIIAET WHHOBAIIU-
OHHBIN MOTEHIMA MPEANPUSTHH, YIyUIIaeT KaueCTBO
U pacUIupsieT aCCOPTUMEHT BEBITYCKaeMOW IPOIYKITHH,
a TaKKe CIOCOOCTBYET MPOMBIIIJICHHON PECTPYKTYpH-
3anuu ¥ MojaepHu3armu [10, 11].

Crpoc Ha Meb Oosiee 9eM yIBOWIICS 3a ITOCIICTHIE
40 mer, u 3Ta TEHAEHIMS, IO OIIEHKaM [12], coxpaHuT-
cg B Ommkanmme necsatuierus. B 2017 r. nHaubonee
Ba)XHBIMU BUJIaMH KOHEYHOTO HCIIOJIH30BAHHUA MEIU B
Mupe ObLTH TMPOHU3BOACTBO 000PYIOBAHUS, CTPOUTEITH-
CTBO 3/1aHUH U HH}pacTpykTypa. Ha cragmusx mo6braum
U TepepaboTKH TMOJIE3HBIX MCKOMAeMBbIX, B 3aBUCHUMO-
CTH OT KauecTBa pyabl, pacxoayetcs 60-90 % ot Bceit
HOTpeOIIeMOH YHEPTUH TIPU IPOU3BOJICTBE IEPBUYHOM
MEIH, KpOME TOTO, JaHHBIC IMPOW3BOJICTBA CO3JAFOT
3HAYUTENbHYI0 Harpy3ky Ha skosoruto [13, 14]. Bei-
OpOCHl IPUPOJHOTO Ta3a mpH jo0brae Mean B 2015 T.
cocraBwu 180 Mt, mnmu 0,36 % Tino0anbHBIX BBIOPO-
CoB, 1o cpaBHeHHUIo co 105 Mt B 1995 r. CoBpemeH-
HbI€ HUCCIIEJOBAHUS MOJUYEPKUBAIOT BaXKHOCTh BTOPUY-
HOI TIepepabdOTKKU MeNU MPHU PacCMOTPEHHUH OoJiee Ju-
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CTOW M€ B JOJTOCpOUYHOU nepcnektuse. [lepepaboT-
Ka MeIU, OCOOCHHO JIOMa BBICOKOKAQUECTBEHHON MeEJH,
TpeOyeT 3HAYUTEIHHO MEHBIE SHEPTUH, 3€MIIH U BO-
JIbI, Ye€M MIEPBUYHOE MPOM3BOACTBO [15-18].

[ockoybKy XUMHYECKHE COSAUHEHHUS KeJe3a H Me-
1 UMEIOT Ha CETONHSIIHWUN J€Hb HIUPOKHHA CIIEKTP
MPUMEHEHUH OT MUKPOIJIEKTpOoHUKH [5, 14], kaTanuza
[8, 16], mammuocTpoenus [6, 15] mo MeaUIMHCKHX
uccinenosanuii [11, 12], To 1 HampaBieHHs 1O TIepepa-
00TKe XKeJe30- U MEIbCOACPKALINX OTXOJO0B B pa3Ho-
00pa3HbIe TOJIE3HBIE MPOIYKTH MOTYT OBITH BEChbMa
Pa3HOOOpa3HBL.

OnxHUM U3 TaKUX HANPABICHUN MOXET OBITh XUMHU-
geckas mepepaboTKa JKENe3HBIX U METHBIX OTXOIOB
MUKPOIJICKTPOHUKH B (PeppUT MU, KOTOPBIH MIHPOKO
HCTIONB3YeTCsl B Ka4eCTBE MArHUTHBIX MaTEpPHAIOB B
paIUOTEXHHUKE, JIEKTPOHHKE, aBTOMATHKE, BBIUYUCITH-
TENbHOW TeXHUKe ((EeppUTOBBIC MOTJIOTHUTENN 3JICK-
TPOMAarHUTHBIX BOJIH, aHTCHHBI, CEPACYHUKH, dIEMCH-
THI TIAMSTH, B TOM YHCIIE B MEMPHUCTHBHBIX 3JI€MEHTaX,
MOCTOSIHHBIC MArHUTHI).

OO6nacTH NpUMEHEHUs (eppuTa MEAW HE OTPaHH-
YMBAIOTCS TOJBKO MHUKpPO3JIeKTpoHuKOi [19], mampu-
Mep, U3BECTHO, YTO, IO CPABHEHHIO C YHUCTBHIM OCHTO-
HUTOM, OCHTOHHT, MoauduIupoBanHelii CuFe,Oy,
crocobeH mpeobpazoBbiBaTh Oonbiie HgO B Hg2+ u
TBepabie yactuilpl prytd Hg [20]. B kauectBe rubpu-
HBIX 9JIEKTPOJIOB CYNMEPKOHICHCATOPa MPEIIOKECHA
JIBYXdTaIHasi METOAMKA W M3TOTOBIIEH TPOWHON HAHO-
kommo3uT PANI/GO/CuFe;,O4, KOTOpBI MOXET HC-
MOJIb30BaThCS B KAUECTBE YHUKAIBHOIO JIEKTPOIHOTO
MaTepraia B CyNMepKOHICHCATOpaX LIS MPOM3BOACTBA
BBICOKOA((EKTUBHBIX U HAJECKHBIX YCTPOUCTB HAKOII-
neHust sHepruu [21]. Bricokoe 3HaYeHHWE MarHUTHBIX
MapaMeTpoB, BBICOKOE yIOENBHOE COIPOTHBICHHE
(~10"-10° Om-cM) 1 HUBKHE TUIIEKTPHUECKHE TOTEPH
Ha BBICOKMX YacToTax Juia HaHodeppuTo Co-CuFe,O,
JETAl0T JAaHHBIE MaTepHallbl ITePCIIEKTHBHBIMU JUIS
MaTrHUTHBIX 3aIMCBHIBAIOIINX CPe] BBICOKOH INIOTHOCTH
(B TOM 4HCIEe MEMPHUCTUBHBIX MAaTEPHUAIOB), a TaKKe
MCIIOJIb30BATHCS B CHJIOBBIX TPAHC(HOPMATOPAX Ha BbI-
cokux vactorax [22]. Hactuusr CuFe,O,4, nerupoBan-
HBIC [IMHKOM, IEMOHCTPHPYIOT IIUTOTOKCHUYECKOE Neii-
cTBHE Ha pakoBbie KieTku AS549 [23]. Takke mokasa-
HO, 4TO p-N-retepocTpykTypa CuFe,04/MgFe,0, nme-
€T TOTCHIUAJ JUIS MPUMEHEHUS B Pa3IOKEHUH CTOY-
Heix BoA [24]. st rerepoctpykryp CuFe,04/g-C3Ny
HAO0JII0]aeTCs TIOBBIIICHUE KaTaUTHUeCKOW 3¢ dek-
TUBHOCTH TE€HEpaluu BOIOpoAa 0 2,5 pa3 1mo cpaBHE-
HUIO C OJHUMHU TOJIbkO HaHomucTamu g-C3N,, mpum
9TOM Ka)KyIIMHCS KBAHTOBBIM BBIXOI oOpa3zoBaHus H,
npubmkaercss k25 % [25]. CunTe3upoBaHHBIM
CuFe,O, B KadecTBE TETEPOTEHHOTO MAarHUTHOTO
HAHOKATaIM3aTopa CIOCOOCTBYET BOCCTAHOBJICHUIO
4-HUTpOAHWJIVHA W 2-HUTPOAHWIMHA 3HAYUTEIHHO
ObICTpee, YeM Apyrue KaTaau3aTtopsl. JlaHHbIC HAHOYA-

CTULBI MOTYT OBbITh W3BJIECUEHBl METOJOM MArHUTHOM
cernapanuy ¥ MOBTOPHO MCIONb30BaHbI B TEUCHUE IIe-
CTH TIOCJICIOBATENBHBIX ITUKIOB 0€3 3aMETHOM MOTepH
KaTanuTuueckoil crmocoOHocTH [26]. Tarke ¢epput
MEIU MOXKET HCIONB30BaThCs U B JIPYTUX COBPEMEH-
HbIX npunoxenusx [27, 28]. Tlocne TmaTensHOM miepe-
pabotku nopomiok okcuza xenesa (I11) Fe,O3 Haxoaur
IPUMEHEHUE B DJICKTPOTEXHUKE B COCTABE BBICOKO-
BOJIBTHBIX PE3UCTOPOB LIS 3a3eMJICHUS HEHTpaiu ce-
TEH, MOHHO-TUTHEBHIX AaKKyMYISITOPOB, B KauecTBE
HOCHTEJIl aHaJoroBod M ImppoBoil MHMOpPMaIWu; B
pPaINOTEXHIMYECKON OTpacil — B COCTABE HU3KOBOJBT-
HBIX PE3UCTOPOB, BBICOKOYACTOTHBIX Ipocceneci, Ma-
JT0TabapUTHBIX UMITYJILCHBIX TPaHC(OPMATOPOB; B XH-
MUYECKON MPOMBIIITIEHHOCTH — B COCTaBE KaTalIU3aTo-
pa TIpH MPOM3BOACTBE aMMHAKa, a TAKXKE KaTalnn3aTopa
JETUAPUPOBAHUS IPU CUHTE3E JUEHOBBIX MOHOMEPOB,
KaTaJIM3UPOBAHHOE KapaMeJbHOE TOIUIMBO; B He(Te-
XMUMAYECKOW TPOMBIIIICHHOCTH — B Ka4ecTBE MUHE-
PaNBHBIX KpPacoK, OewiI, dSMajieil u TPYHTOB; HCIOIb-
3yeTcsi B KaueCTBE KOMIIOHEHTa KEPaMUKU M LBETHBIX
[EMCHTOB, KaK IUTMEHT-KPAacUTeNb IOPOKHOTO II0-
KpBITHS, TIEMEHTa W TPOTYyapHOH IUIMTKH, TEPMHUTHON
CBapKU CTAIBbHBIX KOHCTPYKIUH, MOIUPYIOILEro Cpes-
CTBO JUTS CTAJH M CTEKIIA.

Y4uTHIBas, YTO MEAbCOAEPIKAIINE OTXOIBI IMEIOT B
CBOEM COCTaBe, IIOMUMO MEAM, KOTOpas Ha BO3AyXe
OBICTPO MOKPHIBACTCSI OKCUAHON IIIEHKOM MOHOOKCH A
menu Cu,O, nmpumaromnero e xapakTepHbId HHTCHCHB-
HBI JKEJITOBAaTO-KPacCHBIH OTTEHOK, pa3HOOOpa3HbIe
3arps3HUTENN B BUJE IIBUIH, IPSA3U U Macel, IpHoope-
TCHHBIEC Ha OBIBIIMX MECTaxX JKCIUTyaTalluH, TO KIACCH-
geckasl mepepadoTka MeAbCOAePIKAIINX OTXOIO0B C I0-
MOIIBIO MEpEIyIaBKH B 3TOM cilydae Hed(h(eKTHBHA,
JAHHYI0 TPOOJeMy CIOCOOHA PEIUTh XUMHUECKas
repepaboTKa.

Oxcun mean (II) HaxomAWT HMpUMEHEHHE B HPOU3-
BOJICTBE BHCKO3BI, JIOMHHO(POPOB W CYXHX aKKyMYyJIs-
TOPHBIX DJIEMEHTOB — B 0aTapesx ¢ JKUAKOCTHBIMH dIIe-
MEHTaMH B KaueCTBE KaTOAA, C IUTHEM B KaUCCTBE aHO-
Jla U INOKCAJIaHOM, CMEIIIAHHBIM C TIEPXJIOPATOM JIUTHS,
B KauecTBe »JeKkTponmura. Kpome Toro, oH HaXOIHT
NpUMEHEHHE B KayeCTBE MOIYNPOBOAHUKA P-THIIA, IO-
CKOJIbKY MMEET y3KYIO 3allpelieHHYI0 30HYy 1,2 3B, uc-
TIOJTB3YeTCS MPH M3TOTOBJIICHWH (DOTO3IEMEHTOB B COJI-
HEYHBIX IIaHENAX, a TaKXKe SBIeTCS aOpa3sWBOM, HC-
HOJIB3yEMBIM JJISI TIOJIMPOBKU ONTHYECKOTO 000pyHoBa-
Hus. Oxeua menu (II) mpumensiercs st MpoM3BOACTBA
pPacTBOPOB THAPOKCUIA KYIPAMMOHHs, HCHONb3yeMbIX
JUISL N3TOTOBJICHUSI MCKYCCTBEHHOTO INENTKA, I OOHa-
PYXXEHHsI BOCCTAaHOBHUTEIBHBIX CBOMCTB BELIECTB, MO-
6aBnseTcss B KOMOMKOpPMa JKUBOTHBIX.

Hecmotpst Ha To, uto okcup xernesa (I11) u oxcug
meau (1) camu o cebe BocTpeOGOBAHbI, TIPEACTABIISACT-
Csl BOSMOXKHBIM HM3TOTOBJICHHE W3 MX CMecH (eppura
Meu.
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Lenp nanHOM paboOTHl 3aKiovaiach B pa3paboTke
METOJAVKHU MOMYYCHUs (peppuTa MEeIu U3 KEIC3HBIX U
MEIHBIX OTXOJOB, a TaKXXe U3YYEHHU €0 MarHUTHBIX
CBOWCTB ISl JOKA3aTEIbCTBA MOJIE3HOCTH PUMEHEHUS
JIaHHON METOIUKHU.

PU3HUKO-XMMHUYECKHE OCHOBBI

M 06'bEKTHI HCC/IEJ0BAHMS

B xadecTBe 00BEKTOB HCCIICOBAHHMS HUCITIOIH30BAIIN
JKEJIE3HbIC M MEJHBIC OTXOJBl MHKPOAJIEKTPOHUKH B
BHJIE CTPYXEK, INPOBOJOK W PXKaBbIX IUIACTHHOK,
JUIMHHOM He 0ojiee 3 CM U TOIIMHON He Oosiee 5 MM.
B kauecTBe peareHTa AN pealu3alldy Ipolecca pac-
TBOPEHUS W JaJbHEWIICH OYMCTKH METaJUIOB OblIa
BbIOpaHa a30THasi KUCIIOTA.

AszotHas kucinora (HNO3) — cuiabHast OZHOOCHOB-
nas kuciora (Px,= —1,64). Konuentpuposannas HNO3
B3aUMOJICUCTBYET:

a) ¢ METaJUTaMH, CTOSIIUMH B 3JIEKTPOXUMHUUIECKOM PSITY

HaIPSPKEHUI JIeBee BOJIOPO/Ia, Ha IPUMeEpe JKere3a:

0) ¢ MeTayuIaMH, CTOSIIIIUMH [IPaBee BOAOPOIA, TAKIMHU

Kak MeJib.

Fe+6HNO;—Fe(NO3)s+3NO,1+3H,0, (1)
CU+4HNOg-’CU(N03)2+2N02T+2H20. (2)

B xonby — 1 momemnianu HaBECKY JKENE3HBIX OTXO-
108 — 2 Maccoif 5 1 10 mr ¢ 50 cm® 65 % pacTBOpa
a30THOM KHCIOTHI. BeImensgrommiics B X04e XUMHYE-
ckux peakiuu (1) muokcu azora cobupaiu B OTIENb-
HOM éMkocTH — 3 (puc. 1).

| ——

= wy

Puc. 1. JlabopamopHass ycmaHoska: 1 - naockodoHHas
K0.16a, HANO/IHEHHAs a30mHoll Kuciomol; 2 — o6pa-
3ey memannuveckozo omxoda; 3 - émkocme 045
c6opa duokcuda azoma

Fig. 1. Laboratory setup: 1 - flat-bottomed flask filled with

nitric acid; 2 - sample of metal waste; 3 - tank for
collecting nitrogen dioxide

[Momy4eHHBIN pacTBOp TPHXKIBI MPOIMYCKATU Yepes3
¢wibTp «CUHSA JIEHTa», B XOAE YEro MPOMCXOIUIO
OUHIIICHUE OT MPHUMECEH, HaXOAIUXCS B METaTNIe-
CKUX OTXOJax. AHATOTUYHYIO TPOLEAYPY MPOBOIIIU
OTJIEJIBHO U C METHBIMHU OTXOJaMU 110 YpaBHEHHUIO (2).

K monyuennomy pactBopy nutpara xenesa (1)
JO0ABIISUTA KOHIIEHTPUPOBAHHBIN PacTBOpP TUIAPOKCHIA
KaJus 10 MOJYYCHUsS] KOPUIHEBOU CYCIICH3UH THUIPOK-
cuya xenesa (3):

Fe(NO;)3+3KOH—Fe(OH);+3KNOs. ©)

[Tony4yeHHyto CycneH31I0 MPOMBIBAIIN TOPSYEH BO-
Joi Ha GUIbTpe IS yJaJeHus HUTpaTa Kaiuus. AHa-
JIOTHYHYIO TPOLeTypy MPOBOAMIN U C HUTPATOM MEIU
B paMKax ypaBHeHHS (4):

CU(N03)2+2KOH—’CU(OH)2+2KN03 (4)

[Mony4eHHBIe THAPOKCUIIBI OTAEIHHO JIPYT OT APyTa
npokaiuBanick npu temieparype 450-500 °C B teue-
nue daca. B urore (peaximu (5), (6)) mOIydaruch ok-
cume sxenesa (1) u meau (11):

2Fe(OH)3—>F6203+3H20, (5)
CU(OH),—CuO+H,0. ©)

3areM MOIyYeHHbIE OKCHABI CMEIINBAINACH B MOJIb-
HBIX COOTHOIIEHUX 1:1 M creKkaluch Npu TeMIepary-
pe 900 °C B TeyeHHE IBYX YACOB JJIs MOJTydeHHs dhep-
puta meau (7):

Fe,03;+CuO—CuFe,0,. (7)

B kxauecTBe OCHOBHBIX (l)I/ISI/IKO-XI/IMI/IquKI/IX METO-
JIOB HCCIICIOBAHUSI HCIOIB30BAIN: PEHTTCHO(A30BBIN
anamm3 (mudpakromerp JIPOH-3M) 1 31eKTpOHHYIO
MHKPOCKOIHIO (PacTpOBBIN 3JICKTPOHHBIM MHKPOCKOM
JEOL JSM 6000) ¢ yBemuuenuem ot 300 mo 3000.
MarHuTHbIC CBOMCTBA MOIYYSHHOTO (eppuTa U3ydalin
¢ momotipto CKBUJI (SQUID, Superconducting Quan-
tum Interference Device — cBepXmpOBOASIINIA KBAHTO-
BBII WMHTEepdepoMeTp) MarHuToMeTpa Ha Oasze Dexe-
panbHOTO MccnenoBarenbekoro LlenTpa mpobiemM xu-
MHUYECKOH (U3MKKM W MeIUWIUHCKOW XuMuu Poccuii-
ckoii Akamemun Hayk. B paGote Takke MpUMEHSIOCH
obopynoBanme LIKII HOMUL] «Hanomatepmansl u
HaHoTexHosorum» TIIY.

Pe3y/IbTaThl M 06CYKAEHUE

[Tockonbky xKene3zoconaep)kKalinue OTXOAbI, TTOMHMO
JKeJe3a, UMEIOT B CBOEM COCTaBE pa3lUYHBIC TMPOIYK-
THI pKaBleHUs >kene3a obmero Buma Fe,O3-nH0,
YIJIEpOA B CTANBHBIX HM3IENHUIX, @ TaKXKe pazHOoOpas3-
HBIC 3aTPSI3HUTENHN B BHJE TBUIH, TPSA3H U Macell, Mpu-
oOpeTeHHBIE Ha OBIBIIMX MECTax 3KCIUTyaTalnu, Kiac-
CHUecKasl mepepaboTKa JioMa B BHJE NEPCIUIaBKH B
JAHHOM Cllydae He MOJIXOIUT, AAaHHYK IHpobiemy
YCIIEIIHO PeIIaeT XMMHUYECcKas mepepaboTka MeTajioB

[1-3].
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C moMoIipt0 KOHUEHTPUPOBAHHON a30THOW KHCIIO-
Thl PACTBOPSUIUCH Ppa3JMYHBIC IKEJIE30COAepIKaIlHe
OTXOIBI B BUJAE CTPYXKEK, NMPOBOJIOK M PKaBBIX ILIa-
CTHHOK, coryiacHo ypaBHeHuto (1). IIpu sTom prxaBum-
Ha PacTBOPAIACh A30THOM KUCIIOTOH COIJIACHO YpaB-
HeHuto (8):

Fe,03-nH,0+6HNO;—2Fe(NOs);+(n+3)H,0.  (8)

Takum oOpa3oM, IMOCIEe OKOHYAHUS XHUMUYIECKUX
MpeBpanIeHUi 00pa30BBIBAJICS PACTBOP HUTpATA XKeJe-
3a, IPUMECH BEHIATaIN B OCAIOK, TSI OYUCTKH OT HUX
pacTBOp TPWXKIH OT(HIIETPOBEIBATIN. Brraensromuiics
B xozxe peakuuu (1) auokcua azora coOupancs B OT-
IENbHYI0 €MKOCTh, YTO MO3BOJSIET B JalbHEHIIEM
MPUMEHATh €r0 B KAa4deCTBE CBIPhSI IJIS IONYJICHHUS
A30THOW KHCIIOTBI, TAKMM 00pa30M HCKJIIOYAIOCh 3a-
IPA3HCHHUE OKPYKAIOIIeH Cpelbl W MOBBIIIANACH Pe-
cypco3(HEeKTUBHOCTD METOIMKH.

K monydeHHOMY pacTBOpy HUTparta kenes3a 100aB-
JSUTA  CBEKCIIPUTOTOBIICHHBIH  KOHIICHTPUPOBAHHBIN
pacTBOp TUAPOKCHIA KAJHsI IO TOTyYSHHUS THAPOKCUIA
xKeneza cormacHo ypaBHeHuto (3). IlomydeHHbili oca-
JIOK OT(HUIBTPOBBIBAIN, 3aTEM OCTABJISUIA HA HOYb 10T
BBITSDKKOM JUIsl ylajaeHusl ocTaBInewcst Bimaru. llepen
TeM KaK IIePEBECTH THAPOKCHUI JKelle3a B OKCHIHYIO
(GbopMy BBICYIICHHBIH OCaJ0OK TOMOTCHU3HUPOBAIH B
cryme. CocTaB MOJYYEHHOTO TI0 YpaBHEHHIO (5) OKCH-
I1a JKeJe3a UCCIEeIOBANN C IIOMOIIBI0 PEHTTEHO()a30BO-
ro aHamusa (puc. 2), pasmep vactui coctaBua ot 0,5
10 80 MM (puc. 3).

C moMomp0 KOHIIEHTPUPOBAHHOW a30THOW KHCIIO-
Tbl PACTBOPSIIUCH PA3IMYHBIE MEIbCOAEPKALIUE OTXO0-
JIBI B BHJIE CTPYXEK, IPOBOJIOK U HEOOJBIINX MIACTH-

Intensity, a.u.

Intensity, a.u.

Fe203 000-89-0598
(alpha-Hematite)

'\" ;‘\;I'

\ h ‘L

VA
1\ J M A\ A o 3 .

HOK, corjacHo ypasHeHHto (2). [Ipum sToM oxcmmHas
IJIE€HKa PacTBOPAIACH a30THOM KHCIOTOM COIJIACHO

ypaBHenuio (9):
Cu,0+6H N03—>2CU(NO3)2+2N02T+3H20.

coctasui ot 0,45 1o 45 pum (puc. 3).

©)

TakuM 00pa3oM, MOcCIe OKOHYAHUS XHUMHUYIECKUX
MpeBpancHui 00pa30BEIBAIICS PACTBOP HUTpATa MEH,
MIPUMECH OCEIAN Ha JHE KOJOBI, I OYUCTKH OT HHUX
pacTBOp TPWXKIBl OTHIIFTPOBHIBAII. BrIaensromuiics
B Xo0Jie 00eux peakuuil IUOKCUA a30Ta coOHpalcs B
OTHETBHYIO €MKOCTh, B JAIbHEHIIEM OH MOXET OBITH
WCTIONB30BaH IS TIOTYIEHUS a30THOH KHUCIIOTHI, TAKAM
00pa3oM HCKIIOUANIOCh 3arpsi3HEHUE  OKpY’Karolei
Cpelbl M TOBBIIIANACh pecypcodh(EKTHBHOCTH METO-
TIVIKHL.
K nmony4yeHHOMY pacTBOpYy HHUTpaTa Menu 100aBis-
JHM CBEXKETPHUTOTOBJICHHBIN KOHIICHTPUPOBAHHEIA pac-
TBOP THUIPOKCHIA Kalus A0 TIONYyYCHUS THIPOKCHIA
MM COrJIacHO ypaBHeHUIO (4). IlomydeHHBIH Ocamok
0T(GWIFTPOBHIBAIIY, 3aTEM OCTABIISUIA Ha HOYb TOJ] BBI-
TSDKKOW IS yiajneHus: octapmieiics Binarn. [lepen tem
KaK TEepeBECTH THAPOKCHI MEIU B OKCUIHYIO (opMy
BBICYIICHHBIA OCAOK TOMOTCHU3UPOBAJIM B CTYIIC.
CocTaB TIOJIYYEHHOTO 110 ypaBHEHHUIO (6) OKCHIa Meau
HCCIIEIOBAJIH C TIOMOIIBIO peHTreH0(]a30Boro aHammsa
(puc. 2), pazmep uactuil coctaBua ot 0,4 no 40 mMxm
(puc. 2).
[lomy4yeHHbIE OKCHIBI XKele3a W MEeIu CMEIINBa-
JMCh B MOJIBHBIX COOTHOIICHUsX 1:1, mocie dero mpo-
KanuBaiuck npu Temneparype 900 °C B TeueHue 2 ya-
coB. CocTaB MOIy4EeHHOT'O Ha BEIXOJE (eppuTa MEIu
u3ydaiau ¢ mnomomsio POA (puc. 2), pamep dacTuil

Sample

CuO 000-41-0254
(Tenorite)

Intensity, a.u.

Sample

CuFe204 000-77-0010
(Copper Iron Oxide)

] T I ] ] T T 1} 1
- . . “ " “ "

iO. de;roe

20, degree

.‘29.de-.§ree
Puc. 2. PeHmeeHOo2paMMbl NOJAYYEHHBIX 06pA3Y08 U cmaHAapmos u3 6asvi daHHbix PDF-2: 1 - okcuda sxcene3sa (111); 2 - okcuda
medu (11); 3 - peppuma medu
Fig. 2. X-ray patterns of obtained samples and standards from the PDF-2 database: 1 - iron oxide (I1I); 2 - copper oxide (11);

3 - copper ferrite
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Puc. 3. Muxkpogomoepaguu uacmuy: 1 - Fe203; 2 - Cu0; 3 - CuFeO4

Fig. 3.

Janee noxy4eHHBIH TOPOLIOK CIPECCOBBIBAIM MPU
nasieann 90-100 Mlla, B xome dero (popMoBaIHCh
obpa3pl B BUAE MPSIMOYTOJHHHUKOB  IUIOMIAJIBIO
2,5 oM, KOTOpBIE 3aTeM TOBEPraluCh OOXHUTY TpHU
temneparype 500 °C.

Micrographs of particles: 1 - Fe203; 2 - Cu0; 3 - CuFeO4

[Ipu u3ydyeHHMH MarHWTHBIX CBOMCTB MOJY4YEHHBIX
o0pa3noB (epputa Mean (puc. 4) OBDIO YCTaHOBJIEHO,
9TO0 OHM 00JIaJal0T MAarHUTHOM MOMEHTOM 35 emu/g
npu temreparype 300 K B monsx ot 0,1 T, comoctaBu-
MBIC BEITMYMHBI OBUTH TIOMYYEHBI T Pa3iIMIHBIX (ep-
PUTOB B UcchenoBaHusx [28, 29].

404
504
30 -
20
=1 3 a5
= 104 =1 1
£ £
5] L)
E« 0 Eﬁ
10 T=300 K s0.
.20 4
=30 354
04 02 0,0 02 0.4
B, T
a

0 50 100 150 200 250 300

T.K
b

Puc. 4. 3asucumocmsv macHumHoO20 MomeHma ¢eppuma medu: a) om eeAUHUHbl UHOYKYUU MA2HUMHO20 noAas; b) om

memnepamypbi
Fig. 4.

Dependence of copper ferrite magnetic moment: a) on magnetic field induction magnitude; b) on temperature
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3ak/ro4yeHue

Ha ocHoBe ’xemnezocomepKaniux OTXOZOB OBLT IO-
JydeH MmenkoaucnepcHsiii okena xenesa (l11) ¢ pazme-
pamu yactur ot 0,5 mo 80 mxm. 13 Menpconepxkamux
OTXOZOB OBUI ITOTy4eH MEITKOIUCIIEPCHBIN OKCHI MEIN
(1) ¢ pasmepamu yactun ot 0,4 no 40 mkm. 3atem u3
MOJTyYEHHBIX OKCHJIOB CIIEKaHHEM ObLI MOIYYeH dep-
putT Memu ¢ pasmepamu dactur, ot 0,45 mo 45 MkwM,
MarHUTHBIM MOMEHTOM 35 emu/g mpu Temmepatype

TakuM 00pa3oMm, MpeIoKeHHAsT METOTUKA TIepepa-
OOTKH MeIIb- U JKEIe30COACPKAIIUX OTXOA0B C IPUME-
HEHHEM a30THOM KHCIIOTHI MO3BOJIIET MOIy4aTh (hep-
put Memu. s MaNbHEWIIEro YCIENIHOTO MpPOMBIII-
JICHHOTO TIPUMEHECHUS MPENIOKCHHONU TEXHOJIOTHU €6
HE00X0MMO J10paboTaTh ¢ YYETOM CTEIICHH YUCTOTHI
HCIOJIB3YEMBIX OTXOMIOB, a TAaK)Ke HEOOXOAUMON UH-
CTOTHI (heppHTa.

300 K B moisx ot 0,1 T.

CITUCOK JIMTEPATYPbI

1. HoBuxoB A.C., MoctoBmukoB A. B. BiusHue ynpTpa3sByKOBOTO M3IyYeHHs Ha KMHETHKY Ipoliecca IIEeNIOYHON mepepaboTku
IIOMHUHHUEBBIX 0TX0moB // M3Bectnst TOMCKOro MOJMTEXHHYECKOTO YyHHBepcHTeTa. VImKuHHpHHT reopecypcoB. — 2022. —
T. 333. — Ne 3. — C. 49-56.

2. Hosuxkos A.C., MoctoBiukoB A.B. PazpaboTka MeToauku cuHTe3a (ochaTa alFOMUHHS U BOJOPOA U3 ATFOMUHUEBOTO Joma //
U3zBectrsst TOMCKOTO NONUTEXHUYIECKOTO YHUBEpcUTeTa. VHKuHUpHHT reopecypcoB. — 2022, — T. 333. — Ne 11. — C. 24-31.

3. HosukoB A.C., MocrosumkoB A.B., CymapeB E.A. CpaBHutenbHbIil aHamn3 (U3MKO-XMMHYECKUX METOAUK MepepabOTKu
AMOMUHHUEBBIX OTX0Z0B // W3Bectnsi TOMCKOTO MONHTEXHUYECKOrO yHUBepcuTeTa. VHKHHHUpPHHT reopecypcoB. — 2023. —
T. 334. - Ne 4. — C. 53-61.

4. Musademba P., Simuka J., Zimucha T. Impacts of using non automated technologies on the Business Performance of
Zimbabwean metal recycling industries // Journal of Research and Innovation for Sustainable Society. — 2022. — V. 4. — P. 42-50.

5. Gorman M., Dzombak D., Frischmann C. Potential global GHG emissions reduction from increased adoption of metals recycling //
Resources, Conservation & Recycling. — 2022. — V. 182. — 106424.

6. A three-dimensional comprehensive numerical model of ion transport during electro-refining process for scrap-metal recycling /
C. Liu, G. Li, L. Zhang, Q. Wang // Materials. — 2022. — V. 15. — 2789.

7. Luo K., Zor S. China’s non-ferrous metal recycling technology convergence and driving factors: a quadratic assignment
procedure analysis based on patent collaboration-based network structural hole // PLOS ONE. — 2022. — V. 17. — P. 1-30.

8. Slusarczyk P., Mleczko-Sanecka K. The multiple facets of iron recycling // Genes. — 2021. — V. 12. — 1364.

9. Oguclu O., Yildirim C. Cutting performance analysis of a single shaft shredder for various recycling metal materials // Journal of
Engineering Sciences and Design. —2022. — V. 11. — P. 1-10.

10. NCOA4 regulates iron recycling and responds to hepcidin activity and lipopolysaccharide in macrophages/ C. Guggisberg,
J. Kim, J. Lee, X. Chen, M. Ryu // Antioxidants. — 2022. — V. 11. — 1926.

11. Zolotova E., Kotelnikova A., Ryabinin V. The content of toxic elements in soil-plant system based on ombrotrophic peat with the
copper smelting slag recycling waste // Pollution. — 2023. — V. 9. — P. 286-298.

12. Loibl A., Espinoza L. Current challenges in copper recycling: aligning insights from material flow analysis with technological
research developments and industry issues in Europe and North America // Resources, Conservation & Recycling. — 2021. —
V. 169. — 105462.

13. Copper recycling flow model for the United States economy: impact of scrap quality on potential energy benefit / T. Wang,
P. Berrill, J. Zimmerman, E. Hertwich // Environmental Science & Technology. — 2021. — V. 55. — P. 5485-5495.

14. Dynamic analysis of in-use copper stocks by the final product and end-use sector in Japan with implication for future demand
forecasts / R. Yokoi, J. Nakatani, H. Hatayama, Y. Moriguchi // Resources, Conservation & Recycling. — 2022. — V. 180. —
106153.

15. Potential-mediated recycling of copper from brackish water by an electrochemical copper pump / H. Deng, W. Wei, L. Yao,
Z. Zheng, B. Li, A. Abdelkader, L. Deng // Advanced Science. — 2022. — V. 9. — 2203189.

16. Recycling and reusing copper and aluminum current-collectors from spent lithium-ion batteries / H. Khatibi, E. Hassan,
D. Frisone, M. Amiriyan, R. Farahati, S. Farhad // Energies. — 2022. — V. 15. — 90609.

17. Blinova L., Godovcin P. Importance of recycling the waste-cables containing copper and PVC // Research Papers Faculty of
Materials Science and Technology Slovak University of Technology. — 2021. — V. 48. — P. 1-21.

18. Activation of peracetic acid with CuFe,O, for rhodamine B degradation: activation by Cu and the contribution of acetylperoxyl
radicals / C. Yu, L. Zheng, Y. Hong, J. Chen // Molecules. — 2022. — V. 27. — 6385.

19. Role of CuFe,0, in elemental mercury adsorption and oxidation on modified bentonite for coal gasification / M. An, N. Yuan,
Q. Guo, X. Wei // Fuel. — 2022. — V. 328. — 125231.

20. Facile synthesize of PANI/GO/CuFe204 nanocomposite material with synergistic effect for superb performance supercapacitor /
A. Ghasemi, M. Ghorbani, M. Lashkenari, N. Nasiri // Electrochimica Acta. — 2023. — V. 439. — 141685.

21. Dhyani R., Srivastava R., Dixit G. Study of magnetic and temperature-dependent dielectric properties of Co-CuFe,0O,
nanoferrites // Journal of Electronic Materials. — 2022. — V. 51. — P. 5492-5507.

22. Biosynthesis of Zn-doped CuFe,0, nanoparticles and their cytotoxic activity / M. Darvish, N. Nasrabadi, F. Fotovat, S. Khosravi //
Scientific Reports. — 2022. — V. 12. — 9442.

23. Hollow CuFe,04/MgFe,0, heterojunction boost photocatalytic oxidation activity for organic pollutants / Z. Zhang, W. Cai,
S. Rong, H. Qu // Catalysts. — 2022. — V. 12. — 9069.

24. Type-1l CuFe,O,4/graphitic carbon nitride heterojunctions for high-efficiency photocatalytic and electrocatalytic hydrogen

generation / A. Mehtab, S. Banerjee, Y. Mao, T. Ahmad // ACS Applied Materials & Interfaces. — 2022. — V. 39. — P. 44317-44329.

140



H3Bectrsa ToMcKOro noJMTeXHUYECKOro yHUBepcuTeTa. UHKMHUPHUHT reopecypcoB. 2023. T. 334. Ne 12. 134-142
HoBukoB A.C,, Cynapes E.A., MocToBuikoB A.B. MeToauka noJiydyeHust peppura Meiu U3 OTXOJ0B MUKPO3JEKTPOHUKHU

25.

26.

27.

28.

29.

© ®

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Naghash-Hamed S., Arsalani N., Mousavi S. The catalytic reduction of nitroanilines using synthesized CuFe,O, nanoparticles in
an aqueous medium // ChemistryOpen. — 2022. — V. 11. — 910.

Kotsyubynsky V., Zapukhlyak R., Boychuk V. Hydrothermally synthesized CuFe,O,/rGO and CuFe,O,/porous carbon
nanocomposites // Applied Nanoscience. — 2021. - V. 12. — P. 1-8.

Magnetic CuFe,04 nanoparticles with pseudocapacitive properties for electrical energy storage / W. Liang, W. Yang, S. Sakib,
1. Zhitomirsky // Molecules. — 2022. — V. 27. — 5313.

Rashad M.M., Mohamed R.M., Ibrahim M.A. Magnetic and catalytic properties of cubic copper ferrite nanopowders synthesized
from secondary resources // Advanced Powder Technology. — 2012. — V. 23. — P. 315-323.

Haiinen E.II., XKypasnes B.A., Utun B.M. MarHuTHble cBoiicTBa M HapaMeTphl CTPYKTYphl HAHOPa3MEPHBIX MOPOIIKOB
OKCHIHBIX CbeppI/IMaFHCTI/IKOB, TMOJIY4YEHHBIX METOJAOM MEXAHOXMMHUYECKOTO CHUHTE3a U3 COJIEBBIX CHUCTEM // dusuka TBEPAOT'O
tena. — 2008. — T. 50. — Ne 5. — C. 857-863.

REFERENCES

Novikov A.S., Mostovshchikov A.V. Influence of ultrasonic radiation on the kinetics of alkaline processing of aluminum waste.
Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering, 2022, vol. 333, no. 3, pp. 49-56. In Rus.

Novikov A.S., Mostovshchikov A.V. Development of a method for synthesis of aluminum phosphate and hydrogen from
aluminum production wastes. Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering, 2022, vol. 333, no. 11.
pp. 24-31. In Rus.

Novikov A.S., Mostovshchikov A.V., Sudarev E.A. Comparative analysis of physico-chemical methods for processing aluminum
waste. Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering, 2023, vol. 334, no. 4. pp. 24-31. In Rus.
Musademba P., Simuka J., Zimucha T. Impacts of using non automated technologies on the Business Performance of
Zimbabwean metal recycling industries. Journal of Research and Innovation for Sustainable Society, 2022, vol. 4, pp. 42-50.
Gorman M., Dzombak D., Frischmann C. Potential global GHG emissions reduction from increased adoption of metals
recycling. Resources, Conservation & Recycling, 2021, vol. 182, 106424.

Liu C., Li G., Zhang L., Wang Q. A three-dimensional comprehensive numerical model of ion transport during electro-refining
process for scrap-metal recycling. Materials, 2022, vol. 15, 2789.

Luo K., Zor S. China’s non-ferrous metal recycling technology convergence and driving factors: A quadratic assignment
procedure analysis based on patent collaboration-based network structural hole. PLOS ONE, 2022, vol. 17, pp. 1-30.

Slusarczyk P., Mleczko-Sanecka K. The multiple facets of iron recycling. Genes, 2021, vol. 12, 1364.

Oguclu O., Yildirim C. Cutting performance analysis of a single shaft shredder for various recycling metal materials. Journal of
Engineering Sciences and Design, 2022, vol. 11, pp. 1-10.

Guggisberg C., Kim J., Lee J., Chen X., Ryu M. NCOA4 Regulates iron recycling and responds to hepcidin activity and
lipopolysaccharide in macrophages. Antioxidants, 2022, vol. 11, 1926.

Zolotova E., Kotelnikova A., Ryabinin V. The content of toxic elements in soil-plant system based on ombrotrophic peat with the
copper smelting slag recycling waste. Pollution, 2023, vol. 9, pp. 286-298.

Loibl A., Espinoza L. Current challenges in copper recycling: aligning insights from material flow analysis with technological
research developments and industry issues in Europe and North America. Resources, Conservation & Recycling, 2022, vol. 169,
105462.

Wang T., Berrill P., Zimmerman J., Hertwich E. Copper recycling flow model for the United States economy: impact of scrap
quality on potential energy benefit. Environmental Science & Technology, 2021, vol. 55, pp. 5485-5495.

Yokoi R., Nakatani J., Hatayama H., Moriguchi Y. Dynamic analysis of in-use copper stocks by the final product and end-use
sector in Japan with implication for future demand forecasts. Resources, Conservation & Recycling, 2022, vol. 180, 106153.
Deng H., Wei W, Yao L., Zheng Z., Li B., Abdelkader A., Deng L. Potential-mediated recycling of copper from brackish water
by an electrochemical copper pump. Advanced Science, 2022, vol. 9, 2203189.

Khatibi H., Hassan E., Frisone D., Amiriyan M., Farahati R., Farhad S. Recycling and reusing copper and aluminum current-
collectors from spent lithium-ion batteries. Energies, 2022, vol. 15, 9069.

Blinova L., Godovcin P. Importance of recycling the waste-cables containing copper and PVC. Research Papers Faculty of
Materials Science and Technology Slovak University of Technology, 2021, vol. 48, pp. 1-21.

Yu C., Zheng L., Hong Y., Chen J. Activation of peracetic acid with CuFe,O, for rhodamine B degradation: activation by Cu and
the contribution of acetylperoxyl radicals. Molecules, 2022, vol. 27, 6385.

An M., Yuan N., Guo Q., Wei X. Role of CuFe204 in elemental mercury adsorption and oxidation on modified bentonite for
coal gasification. Fuel, 2022, vol. 328, 125231.

Ghasemi A., Ghorbani M., Lashkenari M., Nasiri N. Facile synthesize of PANI/GO/CuFe,O, nanocomposite material with
synergistic effect for superb performance supercapacitor. Electrochimica Acta, 2023, vol. 439, 141685.

Dhyani R., Srivastava R., Dixit G. Study of magnetic and temperature-dependent dielectric properties of Co-CuFe,O,
nanoferrites. Journal of Electronic Materials, 2022, vol. 51, pp. 5492-5507.

Darvish M., Nasrabadi N., Fotovat F., Khosravi S. Biosynthesis of Zn-doped CuFe,0, nanoparticles and their cytotoxic activity.
Scientific Reports, 2022, vol. 12, 9442.

Zhang Z., Cai W., Rong S., Qu H. Hollow CuFe,0,/MgFe,0, heterojunction boost photocatalytic oxidation activity for organic
pollutants. Catalysts, 2022, vol. 12, 9069.

Mehtab A., Banerjee S., Mao Y., Ahmad T. Type-ll CuFe,O,/Graphitic carbon nitride heterojunctions for high-efficiency
photocatalytic and electrocatalytic hydrogen generation. ACS Applied Materials & Interfaces, 2022, vol. 39, pp. 44317-44329.
Naghash-Hamed S., Arsalani N., Mousavi S. The catalytic reduction of nitroanilines using synthesized CuFe,O,4 nanoparticles in
an aqueous medium. ChemistryOpen, 2022, vol. 11, 910.

141



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2023.V. 334. 12. 134-142
Novikov A.S., Sudarev E.A., Mostovshchikov A.V. Copper ferrite obtaining from microelectronics waste

26.
nanocomposites. Applied Nanoscience, 2021, vol. 12, pp. 1-8.
27.
energy storage. Molecules, 2022, vol. 27, 5313.
28.

Kotsyubynsky V., Zapukhlyak R., Boychuk V. Hydrothermally synthesized CuFe,O,/rGO and CuFe,O,/porous carbon
Liang W., Yang W., Sakib S., Zhitomirsky I. Magnetic CuFe,O, nanoparticles with pseudocapacitive properties for electrical

Rashad M.M., Mohamed R.M., Ibrahim M.A. Magnetic and catalytic properties of cubic copper ferrite nanopowders synthesized

from secondary resources. Advanced Powder Technology, 2012, vol. 23, pp. 315-323.

29.

Nayden E.P., Zhuravlev V.A., Itin V.l. Magnitnye svoystva i parametry struktury nanorazmernykh poroshkov oksidnykh

ferrimagnetikov, poluchennykh metodom mekhanokhimicheskogo sinteza iz solevykh sistem [Magnetic properties and structural
parameters of nanosized powders of oxide ferrimagnets produced by mechanochemical synthesis from salt systems]. Fizika

tverdogo tela, 2008, no. 50, pp. 857-863.

HH®OPMALIUA Ob ABTOPAX

Anexkcangap CranuciaBoBu4 HOBUKOB, acivpaHT OT-
JleJleHUs1 XMMUYecKod WHXXeHepuu WH)KeHepHOM WIKO-
Jibl IPUPOJAHBIX pecypcoB HalpoHa/ibHOTO Hcc/eoBa-
TeJbCKoro TOMCKOTo MOJIMTEXHUYECKOr0 YHHUBEPCHUTE-
ta, Poccusa, 634050, r. Tomck, mnp. JlenuHa, 30.
truegraf1995@gmail.com; https://orcid.org/0009-
0003-8364-090X

EBrennii Anekcangposud CyaapeB, KaHAUJAT TEeXHU-
YyeCKUX HayK, CTapliMi [OpenojaBaTes]b Hay4HO-
obpasoBaTesibHOrO ieHTpa uMeHn H.M. Kmxnepa Hanu-
OHAJIBHOTO HCCJ/Ie[0BATENBCKOTO TOMCKOTO MOJMTEXHU-
yeckoro yHuBepcuret, Poccus, 634050, r. Tomck, np. Jle-
HuHa, 30. sudarev@tpu.ru; https://orcid.org/0000-0002-
5596-4048

Anpapein BraaumMmupoBuy MoCTOBUIMKOB, JJOKTOp TeX-
HUYEeCKUX Hayk, Inpodeccop kadenpbl ¢usnueckont
3JIEKTPOHUKU TOMCKOTO rocyZjapCTBEHHOI'0 YHUBEPCH-
TeTa CUCTEMY YIpaBJIeHUd U PaJiu03JeKTPOHUKH, Poc-
cus, 634050, r. Tomck, np. JleHnHa, 40. avmost@tpu.ru;
https://orcid.org/0000-0001-6401-9243

[Toctynuna B pepakyuio: 03.04.2023

[Toctynuua nocse penensuposanus: 30.06.2023
[TpuHaTa K ny6arnkanuu: 06.12.2023

142

INFORMATION ABOUT THE AUTHORS

Alexander S. Novikov, Postgraduate Student,
National Research Tomsk Polytechnic University, 30,
Lenin avenue, Tomsk, 634050, Russian Federation.
truegraf1995@gmail.com; https://orcid.org/0009-
0003-8364-090X

Evgeniy A. Sudarev, Cand. Sc., Senior Lecturer,
National Research Tomsk Polytechnic University, 30,
Lenin avenue, Tomsk, 634050, Russian Federation.
sudarev@tpu.ru; https://orcid.org/0000-0002-5596-
4048

Andrei V Mostovshchikov, Dr. Sc., Professor, Tomsk
State  University of Control Systems and
Radioelectronics, 40, Lenin avenue, Tomsk, 634050,
Russian Federation. avmost@tpu.ru;
https://orcid.org/0000-0001-6401-9243

Received: 03.04.2023
Revised: 30.06.2023
Accepted: 06.12.2023


mailto:truegraf1995@gmail.com
mailto:sudarev@tpu.ru
mailto:avmost@tpu.ru
mailto:truegraf1995@gmail.com
mailto:sudarev@tpu.ru

