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METO/JbI TT, JCK 1 CMHXPOTPOHHOTI'O AHAJIM3A B PEHITEHUN
3AJJAYM IIOBBIINIEHNA PEAKIIMOHHOV AKTYUBHOCTHU
METAJUIMMECKUX T'OPIOYMX HA OCHOBE AJIIOMVHUA

B.T. llleBuenko*, [I. A. EceneBuy, B. H. Kpacunbaukos, A. B. KonokoBa

Brnapumup I'puropbesuy IlleBuyenko, a-p. xum. Hayk; Janun Anexcanpposud EcemeBud, KaHf. XMM. Hayk;
Bnapgumup Huxomaesud KpacnbHUKOB, I-p. XuM. Hayk; Anra BayecnaBosHa Konrokosa, 6es y4. cr.
WMucturyr xummu  1Beppmoro tema YpO PAH, 620077, Exartepuubypr, Ilepsomaiickas, 91, Poccus,
shevchenko@ihim.uran.ru, diablohulk@gmail.com, kras@ihim.uran.ru, alla.konyukova.5656@mail.ru

Kniouesvie cnosa: Annomauus. B nacmosuweti pabome nokasaHvl 603MONHOCIU MEPMUUECK020 U
saHaouticooepiausuil peHmeeno6ckoe0  (Pa306020 AHANU308 NPOOYKIOE  63AUMOOEUCTNEUS Npu
euodpozenv, AKMUAUUT U paspabomie cnoco606 MOOUPUKAUUL NOPOULKOE HA OCHOBE ATIIOMUHUS U NOUCKe
NONHOMA OKUCTIEHUS, ONMUMATLHBIX PEHUMOS CUHINE3A HOBbIX MEMATIIUYECKUX 20PHOHUX O7IS CMECe8bLX
ATIOMUHUTE, NOPOULKLU, aHepzemu4eckux cucmem pasnuuHozo HasHadenus. OueHeHa 6AKHOCMb U

npozpammupyemuiii Hazpes — NOLE3HOCMb UCHONB30BAHUL KOMNIIEKCA PACCMOMPEHHbIX Men0006 07 6vlbopa
COCMasa u ycroBuil CuHme3a nepcneKmusHblx Mamepuanos.

s quTpoBaHus:

leyenko B.I., Ecenesuu [I.A., Kpacunbuuxos B.H., KonwokoBa A.B. Meroanl TT, ICK u cunxpoTpoHHOTO
aHamM3a B pPELICHMN 3ajlauyl IIOBBIIICHNUS PEeaKIMOHHONM CIHOCOOHOCTM MeTa//IMYEeCKUMX TOPIOYMX Ha OCHOBE
amoMmuHuA // OT XuMum K TexHomormy Imar 3a marom. 2025. T. 6, Bem. 3. C. 8-38.
URL: https://chemintech.ru/ru/nauka/issue/6423/view

BBengenue

B ocHoBe BbI6Opa MeTA/VIMYECKUX TOPIOYMX I SHEPIeTNYeCKIX KOH/IEHCHPOBAHHBIX
cucreM (9KC) pasnnyHOro HasHaYeHNUs JIeXKAT y/e/IbHbIe XapaKTePUCTVKY TEIUIOBbIe/IeHI
npu cropannu MetauioB [1]. Cpeny MeTa/u10B HanOOBIINIT MHTEpeC MpeacTaBiioT Be, Li, B,
Al, Mg, ynenpHas TeIIOTa CrOpaHMs KOTOPBIX IpuBefeHa B Tabmuue [2]. Bepwwmit u
IPOAYKTHI €T0 B3aVMOJEICTBUA BeCbMa TOKCUYHBL JINTIIT HEYCTONYMB B YCTIOBUAX XpPaHEHNA
u aKciryataumu. Hambonee mmpoxoe mpumenenre Hauum nopouku Al, Mg, B. Opnaxo,
npo6neMa 3QQPeKTVBHOTO VICIIONb30BaHMS META/UINYECKUX TOPIOYMX, UIX SHEPreTUYeCKOTro
HOTEHINANA, C Lje/Iblo oBbIeHNs 3¢ dexTrBHOCTY DKC pasmmyHOro Ha3Ha4eHN, B IIOJTHOM
Mepe He pellleHa 10 HaCTOALIEr0 BpeMeH!. B 9TOM MO)XHO yOeIUThCsI, 3HAKOMSICh € 0030pHBIMU
paboTtaMy MOC/TEHUX JIeT, B KOTOPBIX OOCYXJAIOTCSA INyTM MOAUQUKALMU ITOPOIIKOB
amoMuHys  [3-6]. JlormyHbIM ¥ 3¢QQEeKTMBHBIM METOJJOM IIOBBIIIEHMs PeaKIVIOHHON
aKTVMBHOCTY IIPeJiCTaB/IAETCS YMEHBIIeHMe pa3Mepa JacTull. Tak, HaHOpa3MepHble TIOPOIIKI
aMIOMMHUA 00/1aflaloT OYeHb BBICOKON pPeaKLUMOHHON crmocobHocThio [3]. OpHako unx

© B.T. IlleBuenko, [I. A. Ecenesny, B. H. Kpacunbaukos, A. B. Konrokosa, 2025
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IpUMMEHEeHJMe B CMECeBBIX COCTaBaX TBEPJOTO TOIUIMBA CTANIKMBACTCS C TPYLHOCTSAMMU
COBMEIIEHMS C TOPIOYe-CBA3YIOIVIMI, UX CTAOMIBHOCTBIO B YC/IOBMAX XPaHEHNUA, TOTEPAMU
aKTMBHOTO MeTa/UIa B TEXHOJOTMYECKMX IIpoIleccax IPUTOTOBNIeHUA. B cBA3M ¢ atmm,
Haybosee LIMPOKOe IPVMEHEH)e HAlUIM HOPOIIKM TIOMVHMS MMKPOHHBIX PasMepoB, C
cofiep>kKaHNeM aKTMBHOTO MeTa/Ula MaKCYMaJIbHO BO3MOXXHBIM B IIpoliecce MOTydeHV
cepryeckux YacTMI, METOAOM pacubuleHMs paciviaBa [7]. IIpum 9TOM CTOMMOCTD TakKux
MIOPOIIKOB B JIECATKY pa3 HIDKe, 4eM, Hanpumep, Al Mapkn «Alex», pasmMep 4acTuly KOTOpOro
okono 120-160 um [8].

Ha  ocHOBaHMM  pe3ylIbTaToOB  JCCAEHOBAaHMII,  IIOIYYEHHBIX  MeETOJaMU
tepmorpasumerpun  (IT), mnddepenunanbro-ckanupymomeit kamopumerpuu (JCK) u
($ha3oBoro aHaMM3a IPOJYKTOB OKMC/IEHV HAa XapaKTepHBIX y4acTKaxX HarpeBaHus 9], kapTuHa
B3aVIMOJIEIICTBISI MUKPOpPa3MepHBIX MOpoLKOB Al mpeficraBiieHa Ha puc. 1.

Poct AmopdHbIi = y Al O, Poct y Al,O, Poct
amop¢HOro okcuaa Nepexopg Y= (6> 8) >aAl0, a AlO,
3axuBneHue niexku y Al,0, Mepexofbl

ALO, NI
ey
180
R 160
< - 7 >
F 140 —
120 |- _
100 “T_—//_ l
330 630 930 1230
T, °C

Puc. 1. Cxema OKUC/IEHUs YaCTULL aIIOMUHMA [9].

BupHo (pumc. 1), 4To B yC/IOBMAX INPOTPaMMMPYeMOrO HarpeBa Ha BO3JyXe MOXXHO
BBII€/IUTH TeMIlepaTypHble IHTEPBAJIbl, KOTOPble COOTBETCTBYIOT YCKOPEHMIO Vi TOPMO>KEHIIO
Ipoljecca B3aUMOJENCTBYUA. B 3TuMX MHTepBalax MeHsETCsl arperatHoe cocTosiHye Al
(r1aB/IeHMe), IPOUCXOMAT MIpeBpallleHNsI B OKCUIHOM C/Ioe Ha IoBepxXHOCTH yacTull. OH 13
amopdHoro (cocrosHus) mnepexogut B Y- u a-popmy ALOs; ¢ pocroMm Temmeparypsl
OKMCIUTENbHOI cpenbl. PopMupoBaHue KaX0I U3 KPUCTAUINIeCKUX (a3 Ha MTOBEPXHOCTH
[UCIIEPCHOTO a/IOMUHMs OfecIednMBaeT [OCTaBKYy KHUC/IOPOfla B 30HY XUMMUYECKOTO
B3aVIMOJEVICTBMs. DTO CBSI3aHO C HapylLIeHMeM CIUIOLIHOCTY 3aIUTHOTO C/IOsI, BBI3BAHHBIM
HaNpsDKEHVAMY, BOSHVKAIOIVMY B pe3y/lIbTaTe M3MEHEHUs KPUCTAJUIMYECKON CTPYKTYpBbI
HponykToB okucnenus [9]. Huskas TemmepaTypa IUIaB/eHNs QTIOMMUHMS ¥ HAIpPSDKEHUS,
BO3HMKAIOIYe B IIpoliecce IUIABJICHUA ¥3-3a pasHMULBI KO3(QPUIMEHTOB TepMIYECKOTO
pacimpennss Al m AL Os;, HpuBOAAT K paspbiBy 3alUTHONM IUIEHKY, YTO obecIieumBaer
TPAaHCIOPT OKUCINUTENSA, HO OFHOBPEMEHHO NPUBOAMUT K arjlOMepaluyl YacTull 3a C4eT

IIOABJICHUA JXMOKOI'O a/IIOMIMHUA.



OT XHMHUH K TEXHONOTHM TOM 6, BINYCK 3, 2025

Takum o6paszom, ocobeHHOCTN (Pa3006pa3OBaHIIA IPY HATPEBE AUCIIEPCHOTO ATIOMUHIA
B OKJCIUTE/NIbHON Cpefieé OTPaKAIT XapakTep Ipo6/IeM MUCIIONb30BAHUA SHEPreTHYeCKUX
BO3MOXXHOCTeil Al B KadecTBe MeTA/UIMYECKOTO TOPIOYEro B KOHIEHCHMPOBAHHBIX CHCTEMax
pasnuyHOro HasHaueHys. OHM CBs3aHBI C YKPYIHEHMEM YacTUI] B MOMEHT IIOSIBJIEHVS
KUKoro Al u BBICOKMMM 3aIMTHBIMU XapakTepuctukamu okcupa Al,Os, popmupyromerocs
Ha moBepxHOCTM dactui. CiefoBaTe/NbHO, IA YCKOPeHUA OKUCTIEHMS HeoOXOmuMO
BO3JIeVICTBOBATh Ha CBOJICTBA IIPOJYKTOB, 0OPa3yIOLIMXCs B XOfle HarpeBa B OKMC/IUTETbHON
cpene.

B monorpadum [10], Ha ocHOBe aHanmM3a (QyHAAMEHTATBHBIX (UNKO-XMMUYECKUX
CBOIICTB pacmnaBoB Al ¢ pegkoseMenbHbIMU 31eMeHTaMu (P33) u ocobeHHOCTel OKMCIeHNA
IOPOIIKOB, IIONY4€HHbIX M3 HMX METONOM PpAcCIIbUIEHNS, YCTAaHOBJIEHO, YTO Ha CBOJCTBA
HIOBEPXHOCTM YaCTUIL] MOXXHO BO3J€/ICTBOBATb, YUUTHIBAasi PEAaKL[MIOHHYIO U IOBEPXHOCTHYIO
aKTMBHOCTb JIETHPYIOIIVX 3/IEMEHTOB, BBOAMMBIX B IIOMMHUEBBII pacIylaB. 3a CyeT
IPOLIeCCOB  aficopbuMM B IIOBEPXHOCTHBIX C/IOSAX IIPOMCXOAUT KOHIIEHTPUPOBAHINE
IIOBEPXHOCTHO-aKTMBHOTO META/UIa, YTO IPY MO} ero KOHIEHTpaluy B oObeMe YacTuI]
IPUBOAUT K YBEIMYEHMIO KOHIEHTPALMM B IIOBEPXHOCTU. ITO yBeNMYEHME CBSA3AHO C
Pa3HOCTBIO IOBEPXHOCTHOTO HATSKEHVISI TIOMVHIA U JIETVPYIOIell JOOABKY Y TeM BbIIIIe, YeM
6onpire sta pasHnua [11]. IIpu atom BTOpBIM (PaKTOpOM, OKa3bIBAIOIMM BO3JENCTBYE Ha
PEAKIMOHHYI0 aKTMBHOCTb ITOPOLIKOB CIUIABOB, fABJIIETCS AKTMBHOCTb OKMC/IEHMs CaMOIl
nerupytouieit fob6aBku. PaboTel B 9TOM HampaBjeHuM mo3Bomwm aBTopy [11] paspaborarb
CXeMy MeXaHU3MOB IIPOlLiecca OKVICTIeHMsI YacTUIL Al, 1erpoBaHHBIX aKTVBHBIMY 3/IeMEHTaMIA.
Ha puc. 2 mpepcraBieHa 3Ta cXeMa, M3 KOTOPOM CJIefiyeT, YTO YCIOXKHEHMe Ipoliecca
¢$hazoobpazoBaHMs Ha MOBEPXHOCTYM YaCTUI] ITOPOIIKOB CIUIABOB CIIOCOOCTBYET YCKOPEHMIO
OKMC/IeHNsI Q/IIOMIHIEBOJ MaTPUIIBL.

25°C

330°C

930°C 690 °C

Puc. 2. CTpykTypa 4acTuMIbl ¥ OKCUJHON IUIEHKVM Ha ee IIOBEpXHOCTM, MEHAMIIelicA B IIpoliecce Harpepa:
1) TBeppblil pacTBOp; 2) uHTepMetamy; 3) ALOs; 4) ALOs, R,0s, RAIO;; 5) pacmnas; 6) RAIOs; 7) ALO:s.
(R- penxo3emMenbHbII 371€MEHT)

[lA momydeHMs 3TOro pe3y/nbTaTa MOTPeOOBAaMICh AECATKM /€T paboThl MO aHAIU3Y
KOHIIEHTpAal[MM  JIETUPYIOIIMX  3/7€eMEHTOB Ha  IOBEPXHOCTM  YacTUIl  MeTOHAMU
Osxe-anexTporHoy (OXKI) m pentreHonckoit ¢oroanekrponHoit (POIC) cnexkrpockomnmy,
XVMUYECKOTO U PEeHTI€HOBCKOTO (a30BOrO aHaIM3a IPOAYKTOB B3aMMOJENCTBUA IIOCTIE

10
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HarpeBa [0 PasJMYHBIX TEMIIEPATYP, 3/IEKTPOHHON MUKPOCKOIMY U M3MEHEHVS YHeNTbHON
IIOBEPXHOCTY IIOPOIIKOB.

Ipyrum crocobom MopmduuMpoBaHMs AUCIEPCHOTO ATIOMUHNA, 00eCIeYNBaIOLUIIM
BO3JIE/ICTBJIe HA CBOJICTBA IPOAYKTOB B3aMMOJENCTBUSA HA IOBEPXHOCTb OKVC/IAIOLINXCS
gactuy, Al, sBIseTcs UCIONb30BaHNUE OKCHUIOB IIePeXONHBIX MeTa/uloB. B pabore [12]
IIOKa3aHO, YTO WX TMOJIOXKWUTENbHAasi pOJb CBsA3aHA C IPOTEKaHMEM TePMUTHOTO
B3aMIMOJIEVICTBYA C ATIOMMHMEM ¥ BO3MOXKHOCTBIO IOCTaBKY KIMCTIOPO/ia HEIIOCPEJCTBEHHO B
30HY peakIuy Ha IOBEPXHOCTU OKUC/IARIMXCA dactui. OfHAKO, MCIIONIb30BaHUE CMeceit
nopomkoB Al ¢ mopomkaMy OKCHEOB B IpOIlecce M3TOTOBJICHUA SHEPIeTHUYECKUX CUCTEM
IPUBOJUT K ITOTePe HEMOCPEeICTBEHHOTO KOHTAKTa MEeXy YacTuiiaMu. B cBsA3M ¢ aTuM 6N
paspaboTaHbl MeTOAbI, obeclednBaolle HaHECeHMEe OKCHUJJAHTOB HEIOCPEICTBEHHO Ha
MOBEPXHOCTb yacTuy [13, 14].

PasBurtme MeTOmoOB in sifu MCCIe[OBaHMII TeTEPOTEHHBIX peaKlMil B XOfie Harpesa B
Ta30BbIX CpefjaX MO3BOMNIO 3HAYNTEIBHO YCKOPUTD IONTy4eHMe MH(OpManuu O IpoLeccax,
OIpeie/IAINX JUHAMNKY (a3000pa3oBaHNA U KMHETUKY OKUCIEHNA METa/UIOB M CIUIABOB.
B unctutyre apepnoit ¢usuku CO PAH, coBMecTHO C COTPyAHMKAMM MHCTUTYTA XMMUU
TBeporo Tena u MexaHoxumum (r. HoBocubupck), Ha 6ase MCTOYHMKA CUHXPOTPOHHOTO
U3/TydeHnsA ObUIM peann30BaHbl BO3MOXKHOCTY MICCIEIOBAaHMA IIPOLieccoB a3o00pa3oBaHms,
IPOTEKAIIINX HEIIOCPEACTBEHHO B XO/ie IIPOrPaMMIPYeMOTO HarpeBa B Ta30BbIX Cpefiax.

B Hacrosmieit paboTte mpuBeieH 0630p pe3yNIbTaTOB M3YYEHUA OKUCTIEHNS MOPOIIKOB
aIIOMIHMS, ero c11aBoB ¢ Ca u Ba, Mo/Ty4eHHBIX METOJIOM PacIIbIIEHNA PAacI/IaBOB, a TAKKe
nucrepcHoro Al, IOBEpPXHOCTb KOTOPOro MOAMGUIVPOBaHA COENVIHEHVAMM IepPeXOHBIX
MEeTaJUIOB B BUJIE COOTBETCTBYIOINX Tejiell, HaHeceHHbIX Ha yacTuipl. Merogamu TT, [JCK u
CUHXPOTPOHHOTO  PEHTI€HOBCKOTO  ()a30BOrO  aHa/IM3a HEMOCPEACTBEHHO B  XOfe
IpOrpaMMMpPYeMOr0 HarpeBa B BO3AYLIHON Cpefie IIONy4eHbl [aHHbIE O [UMHAMIUKE
¢daszoobpazoBaHMss M IpPUYMHAX ~ HPOTeKaHMs  (PU3KMKO-XMMUYECKMX  IIPOILIECCOB
B3aVIMOJIEIICTBY B ITTyOMHe U Ha IIOBepXHOCTY YacTul. OneHeHbl 3 GEeKTUBHOCTD KOMIUIEKCA
JICTIONIb30BAaHHBIX ~9KCIIEPVMEHTA/IbHBIX METOAOB /A OOOCHOBaHNMA BBIOOpa ITyTel
aKTVMBM3ALMY OKVICTIEHVSI METa/UIMYECKIX TOPI0YMX Ha OCHOBE aTIOMMHUA.

Ilenpio paboThl ABAETCA OIHKA IOTEHIVATa JCIOIb30BAHNA SKCIePUMEHTATbHBIX
METOZOB, TO3BOJIAIONINX HOMYyYUTh NHGOPMALMIO O PEaKLUMOHHOM aKTUBHOCTY Y AMHAMUKE
¢da3oo06pazoBaHMA HENOCPEACTBEHHO B XOfe IIPOLIECCOB OKMCIEHMA U TOPEHNA
MeTa/UINYEeCKUX TOPIOYNX.

Mertoauka 3KcriepUMeHTa 11 MaTepHabl

TI'/JICK aHanmu3pl 4UCTOTO W JIETUPOBAaHHOTO Al MpoBeneHbI HAa TEPMOAHAIU3ATOPE
NETZSHST STA 449 F3 Jupiter ¢ ucnonb3soBaHueM TOHKOCT€HHBIX aTyHJOBbIX TUIJIEN TpU

MICXOZIHOM Macce obpasia okono 15 mr. Harpes ocymectssancs ot 25 o 1200 °C co cCKOpOCTbIO
10 °C/muH. VI3MepuTenbHas sidelika ¢ 06pasjoM NpoAyBaiach BO3AYLUIHBIM ITOTOKOM (20% O,
+ 80% N) co ckopocTbio 50 MI/MUH.

Ha ananmutiueckoM ckanupyioieM 31eKTpoHHOM MuKpockorie TESCAN VEGA Compact
LMH (s5121) n JEOL JSM-6390LA ¢ sHeprogucrepcMOHHbIM PEHTT€HOBCK/M aHAIM3aTOPOM
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(EDX) ©Obura msydeHa MoOpQoOIOrMs 4YacTUl] JIETMPOBAHHOTO ATIOMVHMSA. XUMIYECKUI
(371eMeHTHBII) aHAIN3 Ha COfiepyKaHMe VICIIO/Ib30BAHHBIX MOAIM(UKATOPOB BBIIIOTHEH METOOM
aTOMHOV SMMCCUM Ha CIEKTPOAHAIM3aTOpPe C MHAYKTMBHO CBSI3aHHOV IUTa3Moil JY-48.
YrnenpHylo IUIoLa/ib MOBEPXHOCTYM IOPOLIKOB OLI€HMBAINM METOJLOM HU3KOTEMIIEpPAaTypHOI!
necop6bunm azora (Metop bOT) Ha aBToMaTnueckom ananmsatope TriStar 3000 (Micromeritics,
USA). Pasmep yacTni 1 pacripesie/ieHne o pasMepaM OIpefie/IsUIN Ha Ta3ePHOM aHaIM3aTope
«Horiba LA 950» (Horiba, Japan) MeTomoM sasepHOI IrpaHy/IOMeTPUN.

VccnepoBanus ocobeHHOCTelt (a3oo0pasoBaHusA IPOBOAVIINCH C MCIONTb30BaHUEM
ucroynyka CV Ha craHiuaAx «[IndpakToMeTpus Npy BBICOKUX JaBeHNAX» U «[Ipenusnonnas
nndpaKTOMeTpNA», CMOHTVPOBAaHHBIX HA YeTBEPTOM I IIeCTOM KaHaste BbiBofia CV HakommTensa
anektporoB BOIIII-3 (IKII «CLCTW», MAP CO PAH) [15, 16]. Jna nposenmeHus
BBICOKOTEMIIEPATYPHBIX MCCIESOBAHNII MCIONb30BaTach kaMmepa-peakrop XRK-900 (Anton
Paar, ABctpus). [Togaya ra3oBoit cMeCH OCYILIECTBIIAACH C IOMOIIBIO CUCTEMBI KOHTPOJIIEPOB
noroka rasza SmartTrak 50 (Sierra, CIIIA), mpyu 3TOM IPOBOAWICS KOHTPOJIb IPORYKTOB
peakuyy KBafpynolbHbIM Macc-criekrpomerpoM (SRS UGA100, CIIA). Harpes o6pasua
o6bemoM okono 0,15 cM® ocymiecTBsncss co ckopoctbo 10 °C/MMH, Ipu 3TOM CKOPOCTh
HOoflauM ra3oBOil cMecu cocraBiana 50 min/MmH. g ¢$asoBoro aHamusa JMCHONTb30BaNach
nopouikoBast 6asza manHeix ICDD PDF-2 [17]. KommdecTBeHHBIT (pasoBbll aHAIM3 U
yTOYHEHIe TapaMeTPOB KPUCTA/UINYECKOI pelIeTK ObIIM BLIIIOTHEHBI MeTofioM PuTBenbaa ¢
ucnonb3oBaHneM nporpammsl MAUD [18].

OcHoBHasA 4YacTh

Cunres cimaBoB Al-Ca, Ba 1 nopomkoB Ha nX OCHOBe

Cpeny Hambojiee pacpOCTPAaHEHHBIX METOMOB, TaKMX KaK BOCCTAHOBJIEHUE OKCU[OB
METa/UIOB, TUJIPOMETA/UIyprudeckyie ¥ KapOOHWIbHBII METOMBI, 9SJI€KTPONN3 BOJHBIX
PacTBOPOB U COJIEBBIX pAacCIUIaBOB, MeXaHMYECKOe V3MeJIbueHMe, CIefyeT BbIJEINTD
JVCIIEPTMPOBaHNe PAaCIUIaBOB. JTOT METOJ, MMeeT Psfi CYLIeCTBEHHBIX INPEVMYIIECTB II0
CPaBHEHMIO C JPYTVMH IIPOMBIIITIEHHBIMU CIIOCOOAaMU, B UM C/le KOTOPBIX CPAaBHUTEIbHO MaJIble
9HeprosaTpaTbl, BbICOKAas IPOU3BOAUTEIBHOCTb M TEXHOJIOTMYHOCTH IIPOLIeCcca, IIMPOKUE
BO3MOXKHOCTM €r0 aBTOMATM3alM M 3KoJorndeckas umcrora [17]. Pacmbpiienne ocob6eHHO
3pQPeKTMBHO IpM NONTYy4eHUM IOPOIIKOB MHOTOKOMIIOHEHTHBIX CIUIaBOB, IIOCKOJIBKY
obecrieunBaeT OOBEMHYI0 PaBHOMEPHOCTb XVMMYECKOTO COCTaBa, ONTUMAIbHYIO (opmy
qacTuil. ITO CBS3aHO C MEPErpeBOM pacIiaBa Iepe] OUCIEPrUPOBaHMEM, IPUBOMALIUM K
BBICOKOJI CTeIIeHM €ro OJHOPOJZHOCTY Ha aTOMAapHOM YpOBHE BCJIE[CTBYE IIOTHOTO
paspylIeHusi HacC/e[CTBEHHON CTPYKTYpPbl TBEPOTO COCTOSIHUMSA M VMHTEHCUBHOTO
IepeMeIIVBaHus, a TaKKe KPUCTA/UIM3AIY YacTUL] C BBICOKMMU CKOPOCTSMY OX/TaXK/IeHVS
(o1 10...10% o 10°...10% °C/cek). VI3ameHeHMe CKOPOCTM OXJIKAEHMS B IIVPOKOM VHTEpBaje
IIO3BOJISIET BO3JENICTBOBATh HAa MUKPOCTPYKTYPY ¥ IIONy4aTh YacTULBI C PasINIHON
Be/IMYMHON 3€pHa, NNIIeHHble TaKuX JedeKTOB, KaK HEOZHOPOJHOCTh pacIpefie/ieHsI
JIETUPYIOLIVX KOMIIOHEHTOB I10 00'beMy, YIPaB/IATh pasMepoM yacTul [18].

dopMy YacTUI] pPACHbUIEHHBIX IIOPOLIKOB MOXXHO BUIOM3MEHATh OT MWIEaIbHO
cepryeckoil O COBEPLUIEHHO HENPAaBMUIbHOM, Pperymupys TeMIlepaTypy Ipoljecca
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pacIbUIeHNsI MeXAY PaclaZioM >KMUAKOTO MeTa/Ula M 3aTBeppeBaHMeM Kammm [19]. Bce atn
¢dakTOpbl MO3BOJIAIOT  Ha3BaTh Hambo/ee IEPCHEeKTMBHBIM  METOJIOM  IIOTy4eHVs
BBICOKOKQYeCTBEHHBIX META/UTMYECKUX HMOPOILIKOB MMEHHO IMCIEepTMpPOBaHMe PacIiaBoB. B
CTy4asiX, KOTJa OKMCIeHMe MOPOIIKa HeNOIYCTMMO VWIM TPeOyeTcsl BBICOKasl IVIOTHOCTb U
cepuueckass popma 4YacTul], TPUMEHSIOT PACHbUIEHNE HEMTPATbHBIMU WM MHEPTHBIMU
rasamMmy (a30TOM WIM aproHOM), 4YTO WCKIIOYaeT HeOOXOAMMOCTh HOC/IeAYIOLIero
BOCCTaHOBUTE/IBHOIO oT>Kmra [20].

[Topourku crmaBos amomyHus ¢ Ca u Ba n ucxopmHoro Al Ob1Iy oTyYeHb! Ha YyCTaHOBKe
OOO «PacnbumnTenbHble cuUCTeMbl U TexHonorum» YP-16-300-0.6-Y4, cxema KOTOpoit
IpeficTaB/eHa Ha PUC. 3.

zr

Puc. 3. CxeMa ycTaHOBKM /11 IPOM3BOJCTBA ITOPOIIKA CIIaBa aTIOMUHMA PaclblIeHMEM pacIllaBa a3oTa:

1) mmaBuibHas Iedb; 2) KaMepa paclblieHVs; 3) cOOpPHMK IOPOILIKa; 4) HarpeBaTenb; 5) pacIblIMTeNbHAas
¢dopcyHKa; 6) Turenp; 7) CMOTPOBOE OKHO; 8) LUK/IOH; 9) IpefoXpaHUTeIbHBII KianaH; 10) cOOpPHMUK LMKIOHA;
11) meramronposop; 12) ¢wibtp; 13) Typborasomyska; 14) QopBakyyMHBII Hacoc; 15) rasoBas pamiia;
TUPUCTOPHBIN perynartop Hampsbkerya (TPH 1.2) mna perynmmpoBaHmsA MOIIHOCTYM HarpeBaTess HeduM U
MeTa/UIOIIPOBOJIA.

TemmnepaTrypHble peXXUMbl PACHbIIEHMA OCHOBBIBAINMCH Ha [AMarpaMMax COCTOSHUA
Al-Ca, Ba, koTOpbIe IpMBeJieHbI B C/IefyIoleM pasziese. JlernpoBaHye IpOBOVIIN IUTATypaMu
COCTaBOB NHTEpMeTa/UIMYECKMX COeIVHEeHMiI Hambormee OoraThix amoMyHueM. Ilepep
BBefIeHVEM B XXVKIII A TIOMIHII MHTepMeTa/UINIbI M3MeJIbYal IO pa3Mepa JacTull He 6osee
HECKOJIPKMX [IECATKOB MUKPOMETpPOB. VI3menbyeHme XpyNKuX MHTEPMETa/IMYeCKUX
COEIVIHEHUII TTO3BOJIAET COKPATUTDh BpeMs TOMOTEHM3AalMN pacIlylaBa JO Hadajla PaclbUIEHNA
VI CHUSUTD TEMIIEPATYPY €TI0 IeperpeBa OTHOCUTENBHO TEMIIEPATYPHI IJIaBNEHNA a/TIOMUHMAL.

Ca 1 Ba 1 guarpaMMbl COCTOSHMA TBOHBIX CUCTEM Ha OCHOBE ATIOMUHNA

Kak ormeuanoch BbIIIC, OJI YCKOPEHMA IIpoLiecCa OKMCICHMA IIOPOIIKOB Ha OCHOBE
ATIOMUHNA )IeI‘I/[py}OI_LH/[ﬁ 9JIEMEHT, BBOJ:[I/[MI)IIU/[ B paciliaB Al, OOJIKEH O6HaJ:[aTb BBICOKO
CITOCOOHOCTBIO K OKVCTIEHNIO U HOBCPXHOCTHOI?I AKTMBHOCTBIO ITO OTHOIECHMNIO K aJIIOMMHUIO B
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JKUIKOM COCTOAHUM. B KauecTBe Takux snemeHToB OblIM mcrnonb3oBanbl Ca u Ba. Kambumit
ob6agaeT 60O XMMIYECKO aKTUBHOCTBIO 110 OTHOILIEHNUIO K Kucnopoay. Ha Bo3nyxe on
OKIC/IAETCS MeJJIEHHee Ie/IOYHbIX METa//IOB, TaK KaK OKMCHas IUIEHKa Ha HeM MeHee
npoHuiaeMa i Kucnopopa. [Ipu HarpeBaHMmM KanbLMil CropaeT C BbIfje/IeHNEM OY€Hb
60JIBIIOTO KOMMYECTBA TeIIOTHI [21]:

2Ca + O, = 2Ca0 + 635.5 k]JI>x/Mo7b (D)

[ToBepXHOCTHOE HaTsDKeHMe Kanblus cocraisier 361 mIx/m? [10], yto 61mm3ko mmm
JlakKe HIDKe IIOBEPXHOCTHOTO HATsDKEHMs Haybojee MOBEPXHOCTHO-aKTUBHBIX 13 psfa P3M
eBponus 1 uTTepbus [10].

Ha pmarpammax cocrosiuus Al-Ca (puc. 4) B o6macty, 60raToit alloOMUHMEM, UMEIOTCS
VHTEpMeTA/UINYECKIE COeJMHEHN s, XapaKTepHble M /I PEeJKO3eMeIbHBIX 3/IEMEHTOB. Tak,
Al,Ca ob6pasyeTcs 110 IepeTeKTIYeCKoli peakiyy npu Temieparype 700 °C, a MHTepMeTa/UIf
Al,Ca, obpasyroomuiica KOHTpysHTHO, ImaBurca mpu 1080 °C [22]. OBrekTmka, Goraras
a/llOMUHNEM, ompefieneHa npu Temneparype 615 °C u copepxanmmm 5,3 ar.% Ca,
pactsopumoctb Ca mpu 31011 TeMiiepaType cocrasiseT ~ 0,4 aT.%.

L0 5w 20 J0 4«0 S0 0 T 80 90 95 we
CETTI T T 1 T 1] T T 17

1e8 rorg”

L I .
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800 / \ ;ﬁ
itk 7 \\ £
\_

-‘f‘“ - & 545°
(4t) Lx] N
500 N e (Bta) —=
= e e e e e T—— VY7Y. o
400 e’ s
0 e 20 Ja 4q 50 &0 70 a0 g0 10a
Al ca, % {am) Ca

Puc. 4. luarpamma cocrossans Al-Ca.

bapwit xyMmdeckn akTMBHee KaabIyA. MeTa/ymrdecknit 6apuil XpaHAT B TepMEeTUYHBIX
COCyZiax IOJ TIeTPOJIeiiHBIM 3dupoM 1y mapaduHoBbIM MacioM. Ha Bo3gyxe MeTaummaeckuit
Oapnit TepsieT 671eCK, IIOKPBIBAETCA KOPUYHEBATO-)XXE/ITO, @ 3aTEM CepOil ITIEHKO OKMUCY U
HUTpUJA:

Ba + % O, = BaO + 556,9 x/I>x/Mo7b, 2)

3Ba +N, = Ba;N, + 376,1 x][I>x/mMo7b (3)

Merammndeckuii 6apuil NPUMEHSIETCS I MeTa/UIOTePMUYECKOTO BOCCTAHOBJICHMS
OONBLIMHCTBA METAJIIOB, B TOM 4MC/Ie alloMuHus [23].

Ha puarpamme cocrossHusa Al-Ba [22], xkak m B cucremax Al-P3M, mmeercsa Ttpu
coepuHeHns. Hambornee 6orateiv amroMuuneM sBisercs AlyBa, miaBsineecss KOHTPYSHTHO IpU
temmepatype 1105 °C (puc. 5).
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Puc. 5. luarpamma cocrostuus Al-Ba.

Panee B pabore [24] ycTaHOB/IEHO, YTO VHTEPMETA/UIN/bI, HAXONSALIECS B CTPYKTYpe
CIUIaBOB Ha OCHOBE QJIIOMVHMSA, UTPAIOT BEAYIIYI0 PO/Ib B IpOIlecce OKVC/ICHMs ITOPOLIKOB,
IIOCKONIBKY 00/1afjaloT 60/iee BBICOKOI PEaKIVMOHHON aKTMBHOCTBIO IO OTHOLIEHMIO K
KUCTIOPOZly BO3yXa, dYeM ajmoMuHmit. [Ipm nepexofe CIUIaBOB B SKMAKOE COCTOSHME
IIOBEPXHOCTb META/UIMYECKOro sfpa oboraijaercs I[TOBEPXHOCTHO-aKTUBHON [OOABKOIL,
KOTOpasi IPUCYTCTBYET TaM B BUJE YIIOPAJOYEHHBIX MUKPOTPYIIIMPOBOK, COOTBETCTBYIOIIX
Hanboee yCTOMYMBOMY MHTepMeTanay [25]. VIcxons m3 9TOro M y4mMThIBas pe3y/IbTaThl
paboThI [26], MOXXHO cUMTaTh, 4TO B cuicteMe Al-Ba nmoBepxHoCTb yacTuiy 6ymer oboraiieHa Ba,
3a CYeT KOHIIEHTPUPOBAHNs Ha Hell MHTepMeTa/UINYeCKUX IpynnupoBok cocraBa AlyBa. Takas
XKe TeHAeHIMA oxupaerca mna cucrembl Al-Ca, rme Ha IOBepXHOCTM dvacTuiy Oyjer
COCpefioTOYeHMe MHTepMeTaIndeckuXx rpynmpoBok B Busie AL,Ca n AL,Ca.

Ha puc. 6 npuBeneHsl MUKpON300pakeHNs TOPOLIKOB CIUIaBoB amoMuuus ¢ Ca u Ba.
O6a nopoika nmeroT popmy 613Ky K chepuaecKoil.

{ -

¥
A v
30kV  X5,000 5um 1292 10 30 SEI

a) 6)
Puc. 6. Mukpodotorpagus mopouika crraBos Al-Ca (a) u Al-Ba (6).

30kv  X3,000 Spm 1292 10 30 SEI

ITo maHHBIM XMMMYECKOro aHanu3a, cojepkanye Ca B HOPOLIKE COCTABIIAET OKOJIO
0,88 ar.%, Ba - 0,26 ar.%. Ilo pgammpiM P®IC [27, 28], KOHIEHTpaums KaabLMs Ha
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MOBEPXHOCTI cOCTaBysieT 34 at.%. YacTuiisl mopoika crasa ¢ 6apueM copepxat ~ 13 ar.%.
BemuuHa yzebHOI ITOBEpXHOCTH TIOPOIIKa, cofepskariero Ca pasHa 0,2 M*/T, citaBa ¢ Ba -
0,47 m*/r. CpepHuii pasMep dacTui 11 u 5 MKM, COOTBETCTBEHHO.

Takum o6pasom ObUIM MHONTydYeHBI IOPOLIKM HA OCHOBE ATIOMMHUA, COfiep Kallye
PEaKIMOHHO- U IIOBEpXHOCTHO-aKTuBHble MeTa/utbl (Ca m Ba) B kommdecrse 1,3 macc.%,
VICXOJA M3 KOJIMYEeCTBA JINTATyphl, BBeIEHHO B paciuiaB Al mepep mosry4eHneM IOpOIIKOB.

MCTOI[I;I MOTy4€HNA MOI.[I/[(l)I/IKaTOPOB OKHNCIIEHNA ITOPOUIKOB HA OCHOBE aIIOMHUA
M CIIOCOOBI X HAHECEHU Ha NMOBEPXHOCTDb YaCTUI]

[y obecrieyeHnsi TECHOTO KOHTAKTa MOJM(PUKATOPOB MOBEPXHOCTH YaCTHL] A/TIOMUHUS
C IIe/IbI0 TOBBILIEHVS] PEAKI[MOHHON AKTUBHOCTU ObUIM Pa3pabOTaHbl CIOCOOBI TIOMyYeHMsI
COeIMHEHNIT OKCUIOB MEePEXONHbIX META/UIOB, KOTOpble B (opme rejeit HAaHOCUINCH Ha
[IOBEPXHOCTb, IIPOHMKAsi B €€ eCTEeCTBEHHBIl penbed, GOPMMUPYIOIIMIICI B IpoLjecce
KPUCTA/UIM3ALMM TPU PACIbUIEHNM paciuiaBa. 1locie THIaTeIbHOTO MepeMeNINBAHUS U
COOTBETCTBYIOLENl TepMOOOPabOTKM (HOPMUPOBATICA KOMIIO3MIMOHHBIA HMOPOIIOK €
JIOTIO/THUTE/IBHOI 00O0IOUKOI 13 OKCUAA IIEPEXOLHOr0 MeTamna. B kauecTBe mpumepa HIbKe
pUBeZIeHbI [Ba pa3paboTaHHbIX MeTofa MoauduimpoBanus Al okcugamu V,0s 1 Fe,Os.

Mopgudunuposanue V,0s

Meton ocHOBaH Ha Tepmonuse V,0Os IyTeM BBUIMBAHMA €TO pacIUlaBa B MHTEHCUBHO
HepeMelBaeMylo IVCTWIIMPOBAHHYIO BO#y. B aToM ciydae mpomcxopmuT popMupoBaHme
rugporend V,0snH,O MrHOBeHHO IpM KOHTAaKTe pacIulaBa C XONOJHONM Bopoit. IIpu atom
IMPaKTUYECKM BECh BaHA/IMIl B rejie HaXOAUTCA B IATUBAIEHTHOM coctogHuu. Copep>kaHue
BaHa/IMA B rejie MOXKHO PeTy/IMPOBATh ITyTeM YIIapyMBaHNA, BIVIOTh 10 ITACTOOOPAa3HOTO U laske
TBEPJIOTO COCTOSIHVISA, TO €CTh B0 00pasoBaHMs Kceporeyell ¢ MUHMMAIbHBIM COJep>KaHIeM
BOJIBI 0c000i1 CTPYKTYpHI [13, 29]. 'enb MO>KeT HAHOCUTBCA € MCIOIb30BAHMEM BaKYyMHON
¢bunbTpanyy Wiy, B CIy4ae MacTooOpasHOro COCTOSIHMS, CMelIeHieM KOMIIOHEHTOB.

ITo maHHBIM CKaHMpYIOIIEN 371EKTPOHHON MMKPOCKONMM NponuTka reneM V,0s He
IPUBOJUT K M3MeHeHMI0 popMBbI YacTnl] McXopHoro nopouka Al (puc. 7). Axcop6bunoHHbIe
U3MEPEHNSA NIOKa3a/MyM yBeAMYEHMEe YHeIbHONM ITOBEPXHOCTH, a IPOITyCKaHMe IOPOIIKA Yepe3
BOPOHKY X0J/Ia — 3HAYNTETbHOE MOBBIIIEHMEe ChIITydecTn [29].

s

30kv  X1,000 10pm 09 30 SEI B 20kV /X1,000

Puc. 7. Mopgonorus yactuy Al: a) ncxopHslit; 6) mogudunuposanssiit V,0s-nH,O0.
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MoauduinupoBanue GOpMHUATOM >Kele3a

MopudnuuypoBaHye IPOBOAMIN COIVIACHO 3allaTEHTOBAaHHON MeTopuke [30] myrem
CMeIlleHVsI TOpOILIKa MeTauyla C TejlleM OCHOBHOro dopmmara >xenmesa (II) cocraBa
Fe(OH)(HCOO),, pns nonydeHnst KOTOpOro Oblla MCIIO/Ib30BaHA METOAMKA, OCHOBaHHAs Ha
B3anMopeiicTBuy HuTpata xenesa (Fe(NOs);-9H,0) ¢ pasbaBieHHOI MypaBbIHON KICIOTON
npu cnabom HarpeBaHuu. PactBop BwiiepxuBam npu 80 °C Ko mpexpaleHust BbIeTeHN
razoo6pasHbIX MPOAYKTOB ¥ 3aTeM BBIIAPMBAIY IIPY TOJ XKe TeMIlepaType Ao 00pa3oBaHMs
00BEMHOTO OpAH)XEeBOTO OCaJKa OCHOBHOTO QopMmara >Keme3a, KOTOPBI OTHEIS/IN OT
MaTOYHOTO PAacTBOpa BaKyyMHOI (pmibTpanmeit u cymmm Ha Bosgyxe npu 50 °C B Tedenne 1 4.
[l mpuroroBneHNst MOAVUIVIPOBAHHOTO MTOPOIIKA ATIOMUHNSA HEOOXOAMMOe KOMNIeCTBO
Fe(OH)(HCOO), pactBopsimin B aucTwUMpoBaHHON Boje mpu 80 °C m oxymaxpamu 1o
KOMHATHOJI Temmepartypsl. [locie satoro cmenmBamu ¢ nopomkoM Al B papdopoBoit yamike.
[lns ymanenust Bo#bl U pasnoxxeHns popmmata xxenesa obpaser mpocymysam npu 100 °C B
tedeHue 0,5 9 1 3aTem npokanusany npu 350 °C B Tedenne 1 4. Temneparypa npoKanuBaHUSA
OblTa BpIOpaHAa Ha OCHOBAHMY NAHHBIX TEPMUYECKOTO aHAIN3a, COITIACHO KOTOPBIM IIpU
HarpeBaHuy Ha Boszyxe pasnoxenne Fe(OH)(HCOO), mporekaeT 9K30TepMIYHO B OJJVIH STAIl.

[Tocne MomuduuupoBaHMs ITOBEPXHOCTM MHOPOIIKA ATIOMUHVS OKCUJIOM >Xele3a B
KONMM4YecTBe 2 Macc.% B IlepecyeTe Ha MeTa/UI IIOBEPXHOCTb YaCTUI| CTAHOBUTCA Ooree
mepoxosaroii (puc. 8).

20kV  X2,500 10pm 10 30 SEI

Puc. 8. DneKTpOHHO-MUKPOCKOIMYECKOe M300pakeHne yacTuly nopoiuka Al, moguduiuposanHoro Fe,Os.

JIoKanbHBI aHAIN3 METOJOM 3HEPTOAVICIIEPCUOHHON PEHTT€HOBCKON CIEKTPOCKONINM
(EDX) noprBepxpaer Hamnuue Fe,Os; Ha moBepxHOCTY YacTull, a copepkanue Fe B obpasie
0/IM3KO K pacueTHOMY.

PesynbTaThl M3y4eHMs OKMCIEHN MIOPONIKOB Ha OCHOBE aTIOMUHUA, IOTY4YeHHOTO
meromamu TT u [ICK

Ha puc. 9 npencrapieHbl pe3ynbTaThl MCCIENOBAHNA OKUC/IEHNA OPOILIKA ATIOMUHNS,
IIOTyYEeHHOTO pacIbUIeHVeM paciiiasa [27].
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Puc. 9. Kpussie TT u [ICK ncxogHOro anoMuHus.

Ha navanpHOM artame B3ammopeiictBust (550-700 °C) HabmomaeTcss 9K30TepPMUYECKUIA
a¢ddeKT, KOTOpbII CBsI3aH C HapylleHMeM 3alUTHBIX CBOJCTB OKCUJA QIIOMUHUSA Ha
MOBEPXHOCTM YacTHUI] 3a cueT mepexosa amopdpHoro AlL,Os B KpucTammdeckymo y-popmy u
aHpoTepMuyecknit a¢dexT mraBneHus obpasma Al Beimme Temneparypsl IaBieHUS B
UCCIeayeMbIX pexkxuMax HarpeBa Ha KpuBoii JCK mnosBisercsa e[UHCTBEHHbII MAaKCUMYM IIpU
TemIiepatype okono 1060 °C. YjenbHasA TemIoTa, BhIENANIAACA B pe3yabTaTe OKUCIEHNS,
cocraBmnseT 1840 JI>k/r, a TIOTHOTA OKMC/IEHUS COCTaBIAeT 0K010 41%.

I cinaBa Al-Ca (puc. 10) xapaktepHa 60jee C/TO>KHasi KapTUHA TEIUIOBBIIE/IEHIST Ha
y4acTKe aKTMBHOTO OKMCeHus [27].

a, % OCK, mB/mr
70
20
50 15
30 10
L5
10
g Y4
480 | 980 1480
0
-10 T,°C L

Puc. 10. Kpusere TT u [JCK cnmaBa Al-Ca.

B stom ciyuae Ha kpuBoit [JCK Habmrofaercst ABa MakcumyMa: IepBbiii — okoso 920 °C,
a BTOpoll — mpu Temueparype npubmusurensHo 1030 °C. Ilpum srtom ypenmpHas Temiora
cocraBiser 2104 Jx/r, a ¢ y4eToM TEIUIOTHI B palioHe IEPBOro Makcumyma — 686 JDx/r,
IPAKTUYECKM COBIAJIAIOIIEr0 C TEMIIepAaTypoil IIaBleHusA craBa. CTeneHb NpeBpaleHus
COCTaBJIAET OKOTIO 73%, YTO CBUAETE/IbCTBYET 00 yBe/IMYEeHNN aKTUBHOCTY OKUCTIEHMA.
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B cryuae nmopomka crraBa Al-Ba [28] cpasy nociie naBiieHNs OKMC/IeHNe YCKOPAETCA U
Ha kpuBoii [ICK ¢ukcupyercs skzorepmmaecknii 3pdexT, IIoiagb KOTOPOro COOTBETCTBYET
265 Ix/r (puc. 11).

a, % CK, mB/mr
k30
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45 15
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0
400 600 800 1000 1200 1470
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Puc. 11. Kpusere TT n JCK cnaBa Al-Ba.

3a HMM C7IefflyeT BTOPOIl Y4aCTOK YCKOPEHM OKUC/IEHNS ¢ MAaKCMMYMOM TeIlIOBbIe/IeHNA
npu 1110 °C. YaenbHoe TelIoBbIJie/IeHNe IPU 3TOM Bo3spacraeT o 9026 Jx/r. CymmapHoe
BBbIZIe/IeHNe TeIUIa 3a IIepUoj, HarpeBa obpasija O MaKCUMaJIbHOI TeMIIepaTypsl 6ojiee 4eM B
8 pas3 BbIlIIe, YeM JJIA YVCTOTO (MCXOIHOT0) MOPOIIKa amoMyHuA. CTeleHb IpeBpalieHNs TPy
3TOM 0KO0710 85%.

Ha puc. 12 mpusenensr xpusble TI' um JJCK nopomxa Al, moaudunypoBaHHOTO
HaHeCeHJMEM Ha €ero IIOBEPXHOCTb rens Ha ocHoBe V,0s [lna ypmobcTBa CcpaBHEHWS
MOJTy4eHHOTO IOPOILIKA IIpeACTaB/lIeHbl TaKXKe J[aHHble II0 MCXOJHOMY allOMUHUIO, He
HOZIBEPTHYTOMY MOAV(UKAIUIL.

[CK, mB/mr
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80 r

125
60
1050°C
40

110
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Puc. 12. Kpusbie TT u JJCK: 1 - Al, mogudunuposauusii renem V,0s-nH,O npy KoHLeHTpaumy BaHa#us
0,78 Macc.%; 2 — MCXOIHBIN ATFIOMUHUIA.

ITponecc OKMcneHNA MOPOIIKA B 3TOM C/Tydae HAUMHAETCA yrKe IIPU TEMIIEPATypax OKOJIO
500 °C, uro Hwxke Touek masneHus Al (660 °C) u V.05 (678 °C). Kpusas [ICK npu
KOHLIEHTpaLMy BaHaiuA MeTammrdeckoro 0,78 Macc.%, MMeeT sK30TepMIYecKuii aQpdexrt ¢

19



OT XHMHUH K TEXHONOTHM TOM 6, BINYCK 3, 2025

makcumymoM npu 800 °C, 4rto Ha 250 °C HIDKe, YeM Y MCXO[JHOIO IOPONIKA aJTIOMUHMNAL
Crenenp mnpespamjeHns npu Temreparype 1000 °C 6onmee 80%, B TO BpeMsA Kak He
MOAMGUIVIPOBAHHBINl IIOPOIIOK MIOMMHUA HpM [AHHON TeMIlepaType OKMC/IMICA
npu6msuTenpHo Ha 20%.

ITo cBoelt peaKIIMOHHOM aKTUBHOCTH, B IIpOLlecce HarpeBa Ha BO3JyXe, PeNCTaBIeHHbIN
COCTaB He YCTYINaeT U Jake NPEBOCXOANUT MOpOUIOK «Alex», MOTy4eHHBII METOLOM B3pbIBA
aIIOMIHMEBOJI TpoBo/IokM. CTelleHb IpeBpallleHMs HOpolnka «Alex» mpu Temmneparype
1000 °C cocrasnsgeT 69% [8].

Hapsany c o1jeHKOJ peakIIOHHOJ aKTMBHOCTY pa3pabaTbiBaeMbIX MOAV(UIIVPOBAHHBIX
MIOPOLIKOB META//INYECKUX TOpPIYMX, [JAaHHbIE II0 TE€PMOTPABMMETPUM M CKaHMPYOLIEN
KJIOPYIMETPUY TIO3BOJIAIOT ONTVMMU3UPOBATh IOMCK HOBBIX MOAM(NKATOPOB M YCIOBMIT MIX
HaHeCeHNUsI Ha IOBEPXHOCTb MOPOIUKOB. VI3BeCTHO, YTO MCIOIb30BaHME HOOABOK [31-33]
OKCNJgoB WO3, MOO3, VzOs, Tazos, 1205, Ti02, CI'203, FeZO3, Bi203, CuO, ABNIAOIINXCA
CWJIBHBIMM OKMC/IUTEIAMM M HaNpPaBAARIIMMY PeaKIMyY Ha IOBEPXHOCTU IIO TEPMUTHOMY
TUITY, aKTMBU3UPYIOT CTOpaHue amoMuHnAa. OgHaKO NPaKTUYECKNI MTHTEPEC NIPE/ICTaB/IAIT Te
MO (UKATOPBI, KOTOPbIE MOTYT OBITH COBMEIIIEHBI C TOPOIIKAMY META/UIOB B TelIe00pasHOM
COCTOSIHMY, obecrieunBasl TECHBII KOHTAaKT C MX IIOBEPXHOCTBIO, YTO B)XXHO B IIpoliecce
MOTy4EeHN s CMECEBBIX KOMIIO3UIMIT SHEPTeTUYECKIX CUCTEM.

C 9T011 1e/IbI0 OBIT OCYIIIeCTBIICH TOVCK MOAM(UKATOPOB U3 psfa popMuaTtoB MapraHiia,
XKeyme3a, KobOalbTa ¥ HUKeNA, OCYIIeCTBIEH WUX CUHTe3 U MCCIefOBAHO BJMAHME HA
PEaKIMOHHYI0 aKTVBHOCTb ITOpoLIKa amoMyHus [34]. Camu popmMmaTs ObUIM MCCIIEOBAHbI HA
TepMoaHanu3arope npu Harpese o 400 °C B BospywmHol cpene. Ha puc. 13 mpepcraBneHbl
kpussle TT u [ICK popmmaros Mn, Fe, Co, Ni. [TomydyeHHBIe pe3ynbTaThl ObIIV MICTIONb30BAHBI
1pu BeIOOpe YCIOoBUIT GOPMMUPOBAHIS TOKPBITUII HA IOBEPXHOCTY IIOPOLIKOB a/IIOMUHISL.

B 3aBucuMMOCTM OT TeMIIEpaTypHBIX PpEeXUMOB M Ta30BOW Cpefbl, B KOTOPOIi
IPOM3BOAMUTCS MOAUGUUIMPOBaHNe, Ha IOBEPXHOCTM YacCTUL, MOXHO CHOPMIPOBATDH
OKCHJJHOE VI METAZINYECKO€E IIOKPBITHE.
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Puc. 13. Kpusere TT u JCK M(HCOO),-2H,O, rze M = Mn (a), Fe (6), Co (8), Ni (1).
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B xavectBe mpumepa Ha puc. 14 npusepennsl kpuble TT u JICK o6pasunos nmoporka
amoMyHNs  chepudeckoro pucrnepcHoro (ACI-4), MomuduIMpPOBaHHBIX IPOINUTKON
pacrBopamu M(HCOO),-2H,O, rae M = Mn, Fe, Co, Ni u3 pacyera 2 macc.% Ha cofiep>KaHie
METaJI/IOB.

30 (6) 1275°C | 49

L 20 60

F10

ACK, mBfwr
Am
OCK, mB/ur

L-10 ATA

400 600 800 1000 1200 Gl R e e T
T.oC TG

(B) 10230 [40 () e
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Puc. 14. Kpussie TT u JICK o6pasuos nopomka ACJ-4, MognduuMpoOBaHHBIX MPONUTKON pPacTBOpPaMu
M(HCOO),2H0, rae M = Mn (a), Fe (6), Co (8), Ni (r), mocre HarpeBaHus Ha Bo3xyxe npu 350 °C B Tedenue 30 MuH.

V3 puc. 14 cnepyer, 4To 3aMeTHOE HOBBIIIEHNE CTEIIEH) OKVC/IEHNS IMeeT MECTO TO/IbKO
npy MopuduKanyy GopMuaTOM Xejesa.

VI3 npuBefeHHBIX IPUMEPOB BUJHO, YTO pa3paboTaHHbIe MOAM(UKATOPBI 3HAYUTE/IBHO
HOBBIIIAIOT PEAKIMOHHYIO aKTUBHOCTD [IOPOIIKOB HA OCHOBE aTIOMIHISL.

PCSYJIbTaThI PE€HITE€HOBCKOIO (1)330301‘0 AHaAN3a ¢ MUCIIOAb30BAHMEM MCTOYHUKA
CUHXPOTPOHHOI'O U3TYyY€HNA

Ilopomoxk amoMuHNA

Vudopmanus o ¢pasoBoM cocTtaBe 06pasiia, HArpeBaeMOTr0 HEIOCPeICTBEHHO B oKyce
IIOTOKA M3JIyYeHNUs, I03BOJIAET B OZHOM OIBITE MOYYUTb KApTMHY B3auMopeiicTsusa Al,
noapo6HO mpeycTaBieHHoI Ha puc. 15. Ha puc. 15 npuBefeHs! audpakTorpaMmsbl TOPOIIKa
ACJI-4 npu pa3nMyYHBIX TeMIIepaTypax HarpeBa, BbIlle TeMIIEPATYPHhI ITABIEHNS TIOMUHI.

Y, v.e
250
Al O
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Puc. 15. Iudpaxrorpamma nmopomka ACJI-4 npu temmeparypax: yepHas nuuusa — 700 °C; senenas — 800 °C;
cunAs - 900 °C.
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Ha ¢one ramno xupkoit ¢assl Ha AMQPaKUMOHHBIX CHEKTPax (UKCUPYIOTCA YeTKIe
NVHNY 00Pas3yIOLIMXCS B XOfie OKVICTIEH S OKCUAHBIX (a3. [Ipy 3TOM X MHTEHCHBHOCTD pacTeT
II0 Mepe yBenuueHus TeMmiepaTypbl. CiiefyeT OTMETUTb, YTO Ha MOMEHT IIOy4eHUA 3TON
nHboOpMany BO3MOXXHOCTY METOAMKM OBIIM OTpaHMYEHBI CHEMKON C LIArOM HECKO/ITbKO
JEeCATKOB TIpagycoB. Ho paxe B 3TOM ciay4ae, BBICOKas YYBCTBUTEIbHOCTb [ETEKTOpa
No3BO/MIIa  (UKCUpOBaTh  HebONMblIMe  KOMMYeCTBA  OOpasyoOIIMXCS  IPOAYKTOB
B3alIMOJIeICTBI .

AnromuHnit, Mmogudumuposanusni Ca

ITo pesynpratam audpakumoHHbIX uccrnepoBanmit (puc. 16) meromom ClV MoxHO
yTBEp>X/JaTh, YTO VICXOZHBII 00paselr] COCTOUT M3 Tpex (ha3: TBEPHZOTO PacTBOpa KaIbIVsA B
amoMyHNK, nHTepMeraumpa AlsCa u Hebornpinoro xonmmdectBa coemmuenns Al,Ca. Taxas
KapTyHa COXPAHAETCs BIUIOTH IO TeMIIEPATYphl IUIAB/ICHNs, IPOMCXOAUT TONBKO CMeIljeHIe
IJKOB, YTO CBA3aHO C YBE/IMYEHNMEM IIapaMeTPOB PpeUIeTKN BCIEACTBME TEeIIOBOTO

paclIiipeHNnA.
Y,y.e.
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Puc. 16. Judpaxrorpamma nopomka Al-Ca npu Temmepatype 500 °C.
ITocne mmaBjieHMA NUKM OT AMOMUHUA M MHTEPMETA/UINOB JMCYE3al0T, MOABJIATCA

nuku oT (a3 kopyHpa, rpoccuta (CaAliO;) n chi-Al,Os Ha PoHe paccessHUA OT KUAKOTO CIIIaBa
(puc. 17).

Y,ye.

0 T 'i : o,
40 60 8.0 100 120 rpaaychl

Puc. 17. fudpaxrorpamma nopouka Al-Ca, narperoro o 750 °C.

[Ipu panpHeliIeM HarpeBe, BIUIOTb GO MaKCMMAaabHON TeMIIepaTypbl, IPUCYTCTBYIOT
¢assl kopyHza, rpoccuta n chi-ALOs. KXupkas ¢asa npu mHarpese go 1000 °C coxpaHseTcs.
C pocToM TeMIIepaTypsl 3HAYNTENbHO YBe/INYNMBAETCA KOMNYIECTBO VM MHTEHCUBHOCTD JITHUI
okcupa amroMuuus u rpoccuta — CaALO; (puc. 18).
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Y, y.e.
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Puc. 18. ludppaxrorpamma nopouka Al-Ca, narperoro go 1000 °C.

Ha puc. 19 npencraBeHsl pe3y/lIbTaThl TEPMUYIECKOTO MCCIE[OBAHN IOPOIIKOB: CIIIaB
Al-Ca (1) B cpaBHeHMM C ICXO[JHBIM aTIOMUHUEM (2).

a, % ACK, mB/mr
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Puc. 19. Kpussre TT (a) u CK (6): 1) crtaB anfoMMHUSA € KaIbIeM; 2) YMCTIT ATIOMUHUIL.

W3 puc. 19 cnenyert, 4to B mHTepBane TeMneparyp 1025+1280 °C nonHoTa npeppamienn
JIETMPOBAHHOTO Ka/IbIIVieM IIOPOILKa B IBa 11 60JIee pa3 BbIIIle, YeM Y YMCTOTO aToMuHuA. [Jaxe
IIpY MaKCUMaJIbHOJN TeMiepaType Harpesa 1480 °C mosHOTa OKMC/IeHUs NOpPOILIKaA CIIaBa B
1,65 pasa Bbil1IE.

ComnocTaBiieHye IOMYYEHHBIX Pe3y/lbTaTOB CBUMETENLCTBYET O TOM, YTO HajM4ue B
CTPYKType MCXOZHOJ 4YacTMIpl CIUlaBa Tpex (a3 (gBa MHTepMeTa/yMia M aJIFOMIHMNIN)
3HAYUTEIbHO M3MEHAET TEePMOKMHETUYECKNE 3aKOHOMEPHOCTM OKWUCIEHUA ATIOMUHMUA.
Haumnasa ¢ 730 °C, mpouecc okucneHusa pe3sko aktususupyerca. IIpm atom kpome okcmpa
amoMyHMA nosiysiercs: rpoccut — CaAlO;, obpasyronmiics pyu B3aMOJEVICTBUU OKCUIOB
Ka/IbLMA ¥ QTFOMVHUA.

Takum o6pasom, jermpoBaHMe aTIOMMHUA KaablyieM, OOJAfaloOIIM BBICOKON
IIOBEPXHOCTHOJM aKTMBHOCTBIO II0O OTHOUIEHMIO K a/JFOMUHUIO ¥ PEAKIIMOHHONM aKTMBHOCTBIO
IIPY B3aMIMOJIEVICTBUY C KMC/TOPOOM, 3HAaYUTE/IbHO TIOBBIIIAET ITOTHOTY OKMC/IEH) TOPOIIKa
Ha oOcHOBe amoMMHMA. OCOOEHHO fABHO 95TO BBIPAXEHO HA HAYa/JIbHBIX JTallax
B3aMMOJIENICTBNA, ITpU TeMriepaTtypax go ~ 1280 °C. Ilo-Bupnmomy, B 3TOM TeMIIEPaTypHOM
VIHTEpPBajle, 33 CYET IIOCTOSHHONM NOJIUTKM ITOBEPXHOCTM J>KMJKOIO CIUIaBa KaJblMeM,
pacxofyeTcsi OCHOBHAas Macca JIeTHPYIOIeil [oOaBKY, OIpefendoNeil 0coOeHHOCTI
okucnenusa. Boime 1280 °C, xak 3To BupHO Ha puc. 19, xon kpuspix TI' aHamormdyeH.
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TOM 6, BbINYCK 3, 2025

Taxkoit XapakTep BS&I/IMO,‘E[@f/ICTBI/IH IIOATBEPIKAAECT CXEMY BO3MOXKHOTO ME€XaHM3Ma OKNC/I€HNA,

IpeIoXKeHHy0 B pabore [11].

AnroMuHui, MoauguuupoBaHubiii Ba

AHanormyHble MccaenoBaHusa O6bUIM TpoBefieHbl M cucteMbl Al-Ba. Kak moxasamu
pe3ynbTaThl AU(pPaKIMOHHBIX UccIefoBanmii mopouka Al-Ba (puc. 20a), ncxomHbiit $a3oBblit

cocraB mopoimka (Al, AlBa, ALOs) coxpaHsercs BIUIOTb JO TeMIeEpaTyphl IUIaBICHNS

IBTEKTUKU, IIpU KOTOPOIU/[ Ha J:[I/I(I)paKTOI‘paMMe IIOABIACTCA I_HI/IPOKI/IIU/[ MaKCMMYyM pacceAaHNA

ot >xupKoit ¢asel (puc. 200).

ITo manHBIM [22] 9BTeKTMKA IUTABUTCS IpU TeMIlepaType 651-652 °C, 4To cormacyercs ¢

Ha0/II0/jaeMoi1 IIpy HarpeBe Temriepatypoit 650 °C.
Y, V.€.
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Puc. 20. Judpaxrorpammer o6pasua Al-Ba mpu: a) 500 °C; 6) 650 °C; B) 750 °C; r) 1000 °C.
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OT XHMHUH K TEXHONOTHM TOM 6, BINYCK 3, 2025

[Ipn mocnepyoleM pocTe TeMIEpPaTyphbl, B IIpoliecce aHamu3a (Pa3soBOrO COCTaBa
IPOAYKTOB  OKWCIEHUs  PEeHTIeHOAM(PPAKLUMOHHBIM  METOJOM, HaOIIO#aeTcsa  pocT
VHTEHCYBHOCTEN MaKCUMYMOB, OTBedaronyx narepMmetaumay AluBa (puc. 20B), KOTOpbIit pu
[la/IbHeTiIeM HarpeBe OKUCIsIeTCsi ¢ 06pasoBaHueM ABOHBIX OKCoB BaAL O, 11 BagssAli101733
(puc. 20r). [TosiBNeHuEe B c/10€ MIPOAYKTOB OKMC/IEHNS 9TUX (a3, HapsAAy ¢ Yy U a — dopMamu
VHJVIBYY&TbHOTO OKCUZIA QIIOMUHINS, CHIDKAeT 3alllMTHble CBOJICTBA 0apbepHOro Cjof,
IIOCKOJIPKY OHM MMEIOT Pa3Hble CTPYKTYPbI ¥ (PU3UKO-MeXaHWYecKyie XapaKTepUCTUKNA. ITO
HOATBEP)KIAIOT [AaHHbIE 3/7€KTPOHHON MUKPOCKONIMM MCXOZHOIO MHOPOIIKA U IPOJAYKTOB
okucnenus (puc. 21).

4
E € 8A

f,{(- 2 |

30kV  X3,000 Spm 1292 10 30 SEI 30kV X650 20um 1292 09 30 SEI

a) 6)
Puc. 21. Mopdormorus sacruy nmopouika Al-Ba: a) ncxonssiit; 6) okncnenHsii npu Harpese go 1000 °C.

BupHO, 4TO IIPOAYKTBHI OKUCIEHVS MMEIT OCKOJIOYHYH (OpMy MONIBIX 000TI0YeK
OKcuzioB u 6omee Menkme ¢parmMeHTbl. Takas kapTuHa (paszooOpasoBaHMs, IPUBOAAIIAS K
O0JIeIYeHNI0 JIOCTyNIa KMC/IOPOAA BO3AyXa K MeETA/UIMYECKON ITOBEPXHOCTV, HAXOAUT
nopreepxaenne Ha kpusbix TT u [JCK (puc. 22).

1M, % ACK, mB/mr

150 |
140 |
130 |
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90 ' . . -
400 600 800 1000 1200
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Puc. 22. Kpusste TT u [ICK: 1) - crutas Al-Ba (Sy, = 0,47 M*/1); 2) — Al (S, = 0,4 M?/1).
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CpaBHeHMe TepMOIPaMM CBUJETe/IbCTBYeT O TOM, 4TO [0 TeMIepaTypbl IUIaB/IeHNUA
MOPOIIOK YJCTOTO ATIOMIHMA OKIC/IACTCA 9HepriYHee clvlaBa. Kak 6bUIO YCTaHOBJIEHO paHee
[35], aTo cBsA3aHO co cHATHMEM [AUGMQY3NMOHHBIX OrpaHMYEHWII B Ipoljecce Iepexofia
aMOpQHOro OKCKa IIOMUHUSA B KpucTaumdeckywo Y-¢opmy ALO;, uro obycnaBimmBaer
9K30TepMUYecKnii 3pQeKT C yHenbHBIM TeIvloBbifeneHueM 237 [x/r. [lamee cmemytor
sHpoTepMmdecKre 3QQeKThl IIaB/IeHNs ATIOMWHNA U CIUIaBa, a IIPYU Aa/bHeNIIeM Harpese
3HauNTENbHO 6oee 3(HEKTUBHO OKUCIAETCA MOPOIIOK crmaBa. Cpasy e Moc/ie TIaBIeHNA
okucieHue yckopsiercs u Ha kpusoii [JCK pukcupyercs sksorepmmdeckuit a¢dekr, mmomanpb
KOTOpPOTO COOTBETCTBYeT 265,1 JIx/r. 3aTeM crefyeT BTOPOJ STall YCKOPEHMA OKMUCIEHMS,
¢ukcupyempnit Ha KkpumBoii TI u3MeHeHMeM HakIOHa M IIOSIB/ICHVMEM HOBOTO
9K30T€PMUYECKOTO YYacTKa, II€PeXOAsIIero B OONBIION 9K30TEPMUYECKMII MUK, C
MakKcuMyMoM TemoBbigenenna npum 1110 °C. Ilpum 3TOM ygmenbHOE TEIIOBBIJE/IEHE
cocrapiier 9026 Jx/r. CymMapHOe BBIfie/ieHUe TeIUIa 3a IIepuof HarpeBa oOpaslloB IO
MaKcMManbHOM Temreparypbl (1573 °C) mna crutaBa B 8,4 pasa BbIlle, YeM /I IOPOLIKA
amoMyHMA. MakcuManbHas IpUObUIb Macchl B TIpoliecce Harpesa mopoimka Al ¢ ymenbHO
noBepxHOCThIO 0,4 M*/T cocTaBsieT 44% oT mpubbUIN Ha mopoiuke cryiasa Al ¢ Ba.

Taxum o6pasoM, BBICOKas MOBEPXHOCTHAA U XMMIYeCKas aKTMBHOCTD Kak Ca, Tak u Ba
MO3BOJIAIOT PEKOMEHIOBATb MX B KadecTBe 3PQeKTMBHON A06aBKM, MOAMUIMpPYOIIEN
XapaKTePUCTUKM IOPOIIKOB Ha OCHOBE ATIOMUHMA, UCIONb3yeMbIX B KauyeCTBe TOPIOYMX B

JHEPTreTUIEeCKNX KOHIEHCY POBAaHHbIX CMCTEMAX.

Amomunnit, MogudummpoBanHbiit V,0s

PesynpTaThl [UpaKIMOHHBIX UCCIIENOBaHMIA, C ucronb3oBanueM CV npu HarpeBaHuUu
obpasua moauduiyposanHoro V,0s nopomka ACJI-4 no 650 °C, mokasanu, YTo Ha HA4aTbHOM
CTaJiNM OKMCIUTEIBHOTO Ipolecca ¢pas3oBslit coctas mpepcTasieH Al, ALOs n V,0s (puc. 23a).
Boire sToit TeMmepaTyphl, TO ecTb IIOCHe Ilepexofa amoMuHuA u Mopmepukatopa V,0s B
XupKoe cocrosime (puc. 236), Ha U PaKLMOHHBIX CIIEKTpax MosABIATCA MHun AlVO, mpu
OZHOBPEMEHHOM JICYe3HOBEHNM JIVHMUI, COOTBETCTBYIOIVIX BCeM KPUCTa/UIMYecKuM popMam
okcnpoB MeTaiwioB (Al,Os, V20s). [JanpHelmmit pocT TeMIepaTyphbl IPUBOAUT K IIOSBICHNUIO
Ha fudpakTorpaMMe MHTEHCUBHBIX MAaKCUMYMOB OT okcupja amoMmyuus (a-AlLOs) u cmabbix
pedriekcoB, 06yCIIOB/IEHHBIX 00pa3oBaHMeM MHTepMeTaINEOB cocTaBoB ALV 1 AlsVs (puc. 238),
IpUCYTCTBYIOIUX Ha (asoBoit mmarpamme cucrembl Al-V [22]. Ha pgudpaxrorpammax
00pasIoB, CHATHIX NPV MaKCUMaIbHO BO3MOJKHOII TeMIIepaType B YCIOBUIX 9KCIEPUMEHTA
1100 °C, MHTEHCMBHOCTb NMHMI, UPUHAIISKAIUX MeTaUIM4ecKuM ¢asaM, 3aMeTHO
CHIDKAeTCs, JMcYe3aeT Ta/ulo OT >kupkoit asbl (puc. 23r). IlomydeHHBle pe3ynbTaThl
COITIaCYIOTCSI C TIPUBENIEHHBIMM JaHHBIMM [36] O XOoje IpOLIeCCOB B3aMMOJENCTBUS B

TEPMUTHOJI CYICTEME Ha OCHOBE METa/UINYECKOTO aTIOMUHNA U V205,
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Puc. 23. ludpaxrorpammer amomunns, MoguduiuposansHoro V,0s npu temmeparype: a) 500 °C; 6) 650 °C;
B) 900 °C; r) 1100 °C.

Vicxops n3 aHaMM3a IIO/Ty9eHHbIX 9KCIIepUMEHTAIbHBIX Y IUTePaTyPHbIX JaHHBIX [37-39],
CXeMy MeXaHU3Ma BO3feiicTBusA HobaBok V,0s Ha mporecc okucnenus AC[I-4, MOXHO
IpeacTaBUTb B CTIGHYIOHJ,'GI‘/JI II0CNnIep0BaTC/IbHOCTI. HPI/I IJIAaBJICHUN >KI/IHKI/H71 ATFOMUHUI
paspylaeT OKCHIHYI0 000TIOYKY ¥ BCTymaeT B KOHTAKT ¢ V,Os, KOTOPBI pU TeMIeparype
okono 680 °C TaxXe HEpeXOAMUT B JKUAKOE COCTOSHME VI B3aUMOJENCTBYET C OKCHUIOM
QIIOMMHNSA 0 peakiuu (4), oopasys AIVOy:

V.05 + ALO; > 2AIVO.. (4)

OHHOBPCMGHHO ITpOoTeKarl1iee MHTECHCUBHOEC OKMCIIEHNE AUIIOMIMHUA,

COIIPOBOJK/AIOIeeCsl POCTOM TeMIlepaTypbl oOpasija, MpUBOAUT K IvtaBneHnio AlVO, [40].
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MHoroo6pasue IpaKTUYeCKM OJHOBPEMEHHO HPOTEKAIUIMX IpPOLecCOB B oObeMe U Ha
IOBEPXHOCTM 00pasija, CBA3aHHOE C IONMBAJICHTHOCTBIO BaHAAVA, CIIOCOOCTBYET
3¢ deKTMBHOMY IIEpEeHOCYy KUCIOpOfia B 30HY peaKLMy, YTO IPUBOANUT K MHTEHCUBHOMY
CaMOpa3oTpeBy CUCTEMBI.

[TospHee [41], B pe3ynbTaTe MofpoO6HOTO AUPPAKIIVIOHHOTO aHA/IN3a B YCTOBUAX CheMKI
C MaJIBIM TeMIIepaTypPHBIM MHTepBasioM obpasoBanme AlVO, nmeno MecTo mpu teMuneparype
600 °C (puc. 24), 6nmskoit k Temnepatype oopazoBanus AIVO, (T=620 °C), onjeHeHHOII B [36]
IOpy M3YYEeHUU B3aMMOJENCTBUA KOMIIOHEHTOB cMmecu cocraBa 33% Al - 67% V.05 ¢
JICTIOTIb30BaHVEM BBICOKOTEMIIEPATYPHOTO PEHTTeHO(A30BOr0 aHAIN3A.

1-AlLO,
+-Al,O 2
) f zvs_!_.‘,uzo3 1~ALO, A=0373 A
1000 SN etk WS e
B ——— 663
NN NS - ——
800 N g —
B

77

/

i
/ 4

20,°

Puc. 24. Cepus gudpakrorpamm crcreMsl Al-V,0s pu 600-672 °C.

CnepmyeTr OTMETUTD, 4TO OIIpeJie/IeHNIe TEMIIEPATYP IPOLECCOB B YCIOBUAX MHTEHCUBHOTO
OKNC/IEHMA U TOpEHMA ABJIAETCA BeCbMa CIIOXKHOM 3afiadell, pellleHre KOTOPOW NMPUBOJUT K
JIOCTATOYHO BBICOKVM MOTPeIIHOCTAM. B [36] oTHOCUTe/NIbHAsA HMOTPeIIHOCTDh OIpefie/leHIs
TEMIIEPATYPhI COCTABJIANIA OKOIO 5%. B 3TuX )Xe nmpejeax OLeHNBaeTCs OIPEIIHOCTD B HallleM
9KCIIEpMMEHTE, TOCKOJIbKY TeEPMOIIapa B KOPYHLOBOM YeXJ/Ie yCTaHaB/IMBAaIaCh Ha paCCTOSAHUN
0,1-0,2 MM OoT 06pasiia ¥ Ha 9TO XKe pacCTOsIHMeE HIDKe IydkKa usnydeHns. HermocpencTBeHHbIN
KOHTAaKT TEepMOIIApbl C pPEAKIVMOHHbBIM (PPOHTOM B NAHHON cXeMe MeToja Audpaxium
OCYILIECTBUTD BeCbMa C/I0>KHO. K pealbHOMY CHIDKEHMIO TeMITEPATypPhl Hayasla B3ayMO/IeViCTBIA
MOTYT NIPUBECTH U pa3MepHble (PAKTOphI B3aMMOZENCTBYWOIIMX dactuy [42, 43]. MoxxHo
IIPeANONIOKUTD, YTO HaHopasMepHble cmou V,0s u y-ALOs;, Kak 3TO yCTaHOB/IEHO BBIIIe,
METOIOM SJUIMIICOMETPMM, MOTYT BCTYHAaTh BO B3auMMOJeNCTBME Ipu 0ojee HU3KUX
TeMIepaTypax [42, 43], "HUIUMPYS MPOI[ecC OKUCTEHNA.

ITpn manpHeiiem Harpese uzet popmuposanue y-AlOs, mpu Temueparype okono 642 °C,
UCYe3al0T pedIeKChl KPUCTAUIMYECKOTO ATIOMUHUA. JTO CBUJETE/IBCTBYeT O Iepexofie
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OCHOBHOJ MAacChl aJlIOMMHMA B JKUJKOE€ COCTOAHME, 4TO Ha 18 °C HibKe CIIpaBOYHON
TEMIIEPATYPhl I/IABJIEHUA ¥ TOBOPUT O 3aHVDKEHUM TEPMOIIAPOil PeajlbHOM TeMIIepaTypbl
obpasna. [Tocne mraBireHNs OTMeYaeTCs BOSHMKHOBEHNE JIMHUI METa/UIMYeCKOTO BaHANA,
sapoxxgenue a-ALOs u yBemueHnIo nHTeHCUBHOCTU pedriekco y-ALOs (puc. 25).

Al A=0.373A
a-Al,04 1AL,
a-AL0, 1-ALO; . AL0,
a0 0 RR0s TAOIAN A a-aL0f A0S
1000 4 2_:____,\__,___,/ _JA:’ ‘\J@»\\/‘ N et
— e — R S . ) J E
800 4~ »
600 -
% :
>. -
>-‘ ——
400
2004 [ oS i
— L
0 e e 672
I T

Puc. 25. Cepust sudpakrorpamm cucremst Al-V,0s mpu 672-744 °C.

HarpeBanue B nHTepBane 744-798 °C cBUOETENbCTBYET O 3HAYMTEIbHOM yBEIMYEHNUN
KOJIYeCTBa BBICOKOTeMIlepaTypHoi Mopudukanuy okcupa a-ALO; (puc. 26). CoxpaHsercs
JIMHMA METAJUIMYECKOTrO BaHafyA M JIMIIb IIPY MAKCUMAJIbHON TeMIlepaType 9KCIEePUMEHTa
(798 °C) oT™MeuaeTcs HamM4Me B IPOAYKTaX B3aMMOJeCTBUA pedriekca, oTBedaromero VO.
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Puc. 26. Cepust sudpakrorpamm cucremst Al-V,0;s mpu 744-798 °C.
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[ii  [HOCTOBEPHOCTM OLIEHKM IIONy4eHHBIX AudpakTorpaMm ObUI  IpOBeleH
HOTHONIPOMU/IbHBIN aHa/mM3 ()a30BOTO COCTaBa MeTOAOM PuTBenbia ¢ ¥CIONTb30BaHNMEM
nporpaMmmHoro obecniedennst MAUD (Materials Analysis Using Diffraction) [44] u 6a3 gaHHBIX
COD (Crystallography Open Database) [45]. B xauecTBe mpumepa, Ha puc. 27 IpUBeLeHbI
pe3ynbTaThl aHaMM3a AndpakTorpaMmsl, orydenHoi npu 600 °C.

Cucrema Al-V-0 npu 600°C 5 — 0372 A
100

Y

60 |
2)- AlVO, P(-)1 8012337 COD 3.6%

I
40 _MJU\L\_M 3) - 7-Al,O, Fm(-)3m PDF 75-921 6%
A e | v T 2
T

1) - 3KCTIepHMEHT

Y, y.e.

20

Mok

4) - Al Fm(-)3m PDF 4-787 90.4%
T T T 1

3 6 ) 12 15 18 21 24 zr
20,°
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Puc. 27. fudpaxrorpamma ACJI-4, mogudunuposansoro V,0s-nH,O mpu 600 °C.

W3 puc. 27 cnenyer, uto copepxanne AIVO, coctaBser okono 3,6 Macc.%, ocTabHOE —
KK aJTIOMVHMIL 1 0KOTo 6 Macc.% Y-ALOs. Pe3ynbraThl MoTHONPOGIIBHOTO aHAI3a TP
Temneparypax 672-772 °C cBUIETENbCTBYIOT O COAEP)KaHMM META/UIMYECKOTO BaHAAMA B
Konm4decrse okono 0,8-0,9 macc.%, 4TO XOPOLIO COINACYeTCA C pe3ynbTaTaMy XMMUYECKOIOo
aHa/mm3a BaHagusA B MopmduiupoaHHoM cnoe (0,8 macc.%). Bepime 772 °C opHO3HaYHO
UAeHTNPUIMPOBATD asbl, COLEprKallNe BaHAUIL, He YIAeTCH.

Kpome (a3oBbIx IepexofioB B OKCUJHOM CJI0€ U MeTaslte, Ha npoljecc okucnenns ACJI-4,
MopudumpoBaHHOro V,0Os, HAKIabIBAIOTCA XMMMYECKME PpeaKIMy B3aUMOJENCTBIA
KoMIIOHeHTOB cucteMbl Al-AlLO3-V,05-0,.

TepmutHast peakuuss m peakumss oOpa3oBaHUS HU3KOIUIaBKoro okcmma AlVO, (4)
VHUIMUPYIOT OKMC/IeHe amoMyHuA. [TocTosHHbIe N3MeHeHMA (Ha30BOTO COCTaBa IPOAYKTOB
OKJC/IEHM, CBA3aHHbIE C IIOBEPXHOCTHONM aKTMBHOCTBIO OKCH/Ia V U €ro NOIMBaE€HTHOCTDHIO
obecrieyyBaOT BO3MYILEHN S, IPUBOJSINE K TOTepe 3alMTHBIX CBOVICTB OKCUIHOM IJIEHKON
Ha IOBEPXHOCTY YacTUIl M OOJIETYEeHMIO TeIIO- M MAacCOIepeHOca B 30HY XMMMUYECKOI
peaxkuum.

Amomunnit, moguduummuposanubiit Fe(OH)(HCOO),

Ilna wmccnenoBaHMUA TOBefieHNA MoauduiupoBaHHBIX remeM mopomkoB ACJ-4 B
Ipoliecce OKVICTIEHVsI Ha BO3JyXe II0 Pa3pabOTaHHOI METOAMKE ObIIV IPUTOTOBIIEHBI 00Pa3IibL,
copepsxamye 1, 5 10 macc.% Fe B pacyere Ha MeTa/u1. VI3 TaHHBIX peHTT€HOBCKON M paKLInu
merogoM CU (puc. 28) cnenyer, uro mopouky AC][I-4, monydyeHHble MPONUTKOV TeyieM U
HarpeBaHyeM Ha Bosgyxe fo 350 °C, moMumo okcupa xesnesa B popme y-Fe,Os yxxe comepxar
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¢dasy a-Fe,Os. IIpu sToM MHTEHCHBHOCTb pedrekcoB a-Fe,Os; BospacTaeT mpu yBenmmdeHun

KO/Mn4ecTBa Momdukaropa.

1) - ASD-4 + 1% Fe

2) - ASD-4 + 5% Fe
3)-ASD-4 + 10% Fe

£ ¢ All-aFeO, 0 vFe0,

Log,,(l), oTH.ea.

y " T T e D ° . '
6 8 10 12 14 16 18 20 22 24
20, °

Puc. 28. [IndpakrorpaMmbl MOfUULIMPOBAHHBIX IOPOIIKOB aTIOMMHIS € cofepxkanueM 1, 5 u 10 macc. % Fe,
nonydeHHbIX myTeM mponutky reneM Fe(OH)(HCOO), u HarpeBanus Ha Bosgyxe o 350 °C.

Hab6nmonaemas kaptuHa ¢pa3o06pa3oBaHus MOXeT ObITb 00yC/IOBIEHa 0COOEHHOCTAMNU
TE€pPMOJIM3a Te/lsl, HAHeCEHHOTO Ha OKCHU/IHYI0 IIOBEPXHOCTb YacTUI] IOPOLIKA AJTIOMMHUA.
CornacHo [46], dpasoBeiit nepexon y-Fe,Os>a-Fe,Os Haunnaercs Boie 350 °C 1 3aBepIaeTcs
npu Ttemmeparype 550 °C, 4TO CBs3aHO C 3K30TepMudeckumy 3¢dekToM IpeBpaleHNs
MarHeTuTa B FeMaTUT C MaKcuMyM Ha Kpusoii [ITA npu temmeparype 560 °C (puc. 29).

Nk 310°C v |3
3K30

T
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560 °C

404 ICK
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504

100 300 500 700 900
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Puc. 29. PesynbraTsl TepMudeckoro aHanusa ¢popmmata xenesa Fe(OH)(HCOO), meromamu TT u ICK.

ITpomeccsl B OKCHHON 000TOYKE Ha MOBEPXHOCTY YACTUI] /IIOMUHNSA IIPU Harpese,

cBsisaHHble ¢ ¢opmupoBaHueM Y-ALO;, Takke MOTYT OKasblBaTb B/IMsHME Ha (asoBBIL

epexos MarLeTuTra B TIE€MAaTUT, IIOCKOJJbKY IIPOMICXOIAT C BbIAC/IEHNEM TEIIJIOTbL

KpucTa/uyin3agmumn aMOp(bHOﬁI (baSbI OKCHJa aTIIOMVHNA B 3TOM TEMIIEPATYPHOM MHTEPBAJIEC.
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Ha puc. 30 mpencrasnensl audpakrorpaMmsl MogudupoBanHoro nopomka ACJ-4 ¢
copepxanueM 10% Fe, momyyennble HEMOCPENCTBEHHO B XO/le OKMUC/IEHNA NIPY HarpeBaHU B
BO3JYILIHO Cpefe.

L =0368 A 0-0-ALO, $- Al V- v-ALO,
B-o-Fe,0, x-v-Fe,0,
l.‘ .. e ..“'..TT"C

Log, (), oTH.ea.

Puc. 30. JudpakrorpaMMbl MOFUQUIIMPOBAHHOTO ITOPOIIKA ATIOMIHNA C COAep KaHMeM >Kemesa 10 Macc. %.

Kak BupHO, mosplmieHue temneparypbl o 500 °C He HIpMBOAUT K 3HAYUTETbHBIM
¢dasoBpIM M3MeHeHMsIM B oOpasie. [Ipu Temnepatype 550 °C ucyesator pedekcsl y-Fe,Os u
CTaHOBATCA 6osee MHTeHCUBHBIMU pediekchl a-Fe,Os. IToce nmepexona amoMuHNA B KIKOE
COCTOSIHME TIpU TemIeparype okono 660 °C HabmofaeTcsi poCT KOHLIEHTPAIUM OKCUAA
amomuuys B popme a-Al,Os, KOTOPBII CTAHOBUTCS MHTEHCUBHBIM IIPU TeMIIEpaType BbILIe
750 °C. B Xoze OKMCINUTEIBHOTO Ipoliecca XKene3o crabummsupyercs B Buge a-Fe;O; u npu
Jla/IbHeliIeM IIOBBIIIEHN) TeMIlepaTypsl BIUIOTh Ao 1000 °C He mpomcxoguT oOpasoBaHMe
IpyTux >Kenesocomepkammx ¢as, Hampumep, Fe, Fe;Os, FeO, FesAl, AlFe, FeALO,,
Ha0JII0laeMbIX B KauecTBe MPOMEXXYTOUHBIX IPOJYKTOB IIPY B3aMMOJEICTBUY KOMIIOHEHTOB
TepMUTHON cucteMbl Al — Fe,O; [47-49].

Ha puc. 31 B 6omee HarsamHOM (opMe NpUBENEHBI TeMIlepaTypHble 3aBUCHUMOCTYU
KonnuecTBa (a3, obpasyromuxcs B mpouecce okucnenns obpasua ACI-4 + 10% Fe, rue
KaX/pliI HaboOp TOYeK IO TeMIlepaType — 9TO ojHa paudpakrorpamma u3 puc. 30.

CooTBeTcTBeHHO (ha3bl MMEIOT Pa3HbIl BECOBOI BKJIAJ] B IIpOIjecce Harpesa.

—=— Al —e— peHTreHoamopdpHas gona
100 - —A—y-ALO, —¥—a-Fe,O,
¢ y-Fe,0, <4 0-ALO,

B o @
o o o
1 1 1
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N

o

1

0
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Puc. 31. 3aBucumocrts asoBoro cocrasa o6pasia ACII-4 + 10% Fe ot TemmepaTypsl Ipy HarpeBaHUY Ha BO3[[yXe
OT KOMHATHOII Temnepatypsl go 1000 °C.
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Bupno (puc. 31), uro oxono 40% peHTreHo-aMOp(HOI COCTAB/AIIE) COOTBETCTBYET
KOJIYEeCTBY >KMAKOTo Al B 06pasiie mpy MaKCUMa/IbHO TeMIlepaType CheMKI PeHTTeHOIPaMM
(1000 °C). ITocne HarpeBa B Ieun COIpOTMBIEHMs co cKopocTbio 10 °C/MuH. no 1000 °C u
OXJIAXKJIeHUA QaHAJIOTMYHOTO IIOpOIIKA Ha BO3AyXe [0 KOMHAaTHOI TeMIepaTypbl,
HOMHONIPOMM/IbHBIN aHanu3 Iokasan Hammume 40% Al B Bupe Kpucrawmmdeckoir ¢assl,
54% a-ALO; n okono 6% rematnta (Fe,Os), 4TO XOPOIIO COTMACyeTcs C MPUBE/IeHHBIM BBIIIE
KO/IN4eCTBOM peHTreHo-aMopdHOoI ¢assl u okcupa a-AlLO;s (puc. 31).

Amnanornynasa kapTuHa $azoobpa3oBaHMs XapaKTepHa I /I 00pasIoB ¢ CofepKaHNeM
xenmesa 1 m 5 Mmacc.%, Au¢pakTorpaMMbl KOTOPBIX OTIMYAIOTCA MIIb Oojiee CIabbIM
IposiBlIeHNeM pedIeKcoB OKCHUOB Keme3a. [oBbllIeHNe KOHI[EHTpauuy XKee3a IPUBOAUT K
3aKOHOMEPHOMY CHVDKEHMIO TeMITePaTypPhl CTA/IY MHTEHCUBHOTO oOpa3oBanus ¢assl a-ALOs
3a cuer okucnenns Al or 850 °C (1% Fe) mo 800 °C (5% Fe) u 750 °C (10% Fe). Cnenyer
OTMETUTDb, YTO IPUCYTCTBUE KaKMx-nmmbo apyrux ¢as, kpome Al, ALO; m momumopdHbIX
Mopudukanuit Fe;Os, B uccmenoBaHHbIX obpasnax MoauuipoBaHHbix nopourkos AC[I-4
METOJOM PEeHTTeHOBCKOI [upaKIuy YCTAaHOBUTb He ypamoch. IIpemcTaBneHHbIe BbIIIe
pe3y/IbTaThl OTy4eHBl Ha COCTAaBaX, COAEPKAIIUX MOAV(PIKATOPBI B KOMNYECTBAX, O/MM3KIX K
ONTUMAJbHBIM KOHLEHTPALUAM, He INPUBOAAMIMX K 3HAYUTETbHOMY CHIDKEHMIO MAacChl
OCHOBHOTO TOpI0Yero (aIIOMUHNA).

C 1enp0 YCTAaHOBIEHMs 3aKOHOMEPHOCTEN BIMAHMSA KONMMYecTBAa Moampukaropa Ha
IpuMepe OKCHJja JKejle3a Ha peaKIMOHHYI0 aKTMBHOCTD IOPOIIKa amoMyHnsa Mapku ACJI-4,
HIDKe IIPVBEJIeHbl Pe3y/IbTaThl MCCIeJOBAHNA OKUCIEHNS MOTyYeHHBIX 00pa3lioB, MEeTOaMI
TepMorpaBuMeTpun 1 ayddepeHIaIbHON CKaHNPYIOLIell KaJIOpYMEeTpUY IIPY VIX HarpeBaHUY
B BO3JYIIHON Cpefie OT KOMHAaTHOI TemmepaTypsl fo 1400 °C co ckopocrtpio 10 °C/muH.
PesynbTarhl TepMuyeckoro aHanusa npejcrasnaensl B Buae kpusbix JICK u TT Ha puc. 32.

V3 puc. 32a cmenyeT, 4YTO OKMC/IEHUE ATIOMVHMA B MOAMGUIVIPOBAHHOM IOPOIIKE C
KOHIIeHTpaIlueit >xenesa 1 Macc. % HaunHaercs: Hivke 600 °C 1 COIpOBOKAAETCsI HeOOMBIIUM
ak3orepmudeckuM sdpdexrom. [lanee duxcupyercs mnapnaeHue amomyaus (~ 660 °C) n
yCKOpeHIe MPUOBUIM MAcCh 32 CYeT OKMC/IEHNA ¢ MAaKCMMYMOM TeIIoBbifesienns pu 931 °C
U yJlenbHOM TertoToi okucnenusa 5943 JIx/r Ha yyactke 800-1060 °C. Bpinie Temneparypsl
1060 °C mmporjecc OKMCIeHNs IOCTENIeHHO YCKOPAETCs, HO (pOpMMpOBaHMe COOTBETCTBYIOIIETO
€My 9K30TepMIYECKOTO MK He poucxXoauT BIoTh Jo 1400 °C. IIpu copep>kaHuu B IOPOIIKe
5 macc.% Fe pe3ko Bo3pacTaeT MHTEHCUBHOCTb C/IeflyIOIIEro IOC/e IUIAB/IeHNA alloMUHUA
TeryioBbIienieHns (puc. 326). YpenbHas TeluioTa OKUCIEHMs Bo3pacraeT no 7423 JDxk/r, a
TeMIIepaTypa 3K30TepMIYECKOT0 MaKcuMyMa cHipkaercs o 910 °C. Ilpu ganbHeiieM pocre
TeMiepaTypel popmupyrorcsa Bropoit (1290 °C) m tpetmit (1335 °C) ak30TepMmUUIeCKuUit
MakcuMyM. [I1s obpasiia ¢ koHeHTpanyeyt 10 macc.% Fe MHTEHCMBHOCTD TEIUIOBBIIETEHUSA U
TeMIIepaTypa, COOTBETCTBYIOLASA SK30TEPMUIECKOMY MaKCUMYMY, IOHVDKAIOTCA 10 4290 JIx/r
n 893 °C, a mosioXeHye MUKOB BTOPOTO M TPeTbero MaKCUMyMa HEMHOTO CMEIAeTCs B
HI3KOTEMIIEPAaTYpPHYIO 30HY (puc. 32B).
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Puc. 32. Kpussie TT u ICK nopouikos ACJI-4, ucxopnoro (a) u Mmopuduimposanuoro renem Fe(OH)(HCOO).:
6) Fe,O; = 1 macc.%; B) Fe,Os = 5 macc.%; r) Fe,Os = 10 macc.%.

AHanusupys pesynbTaTbl IPUBEIEHHDIX MICCIEIOBAaHNUI, MOXKHO CIENaTh 3aKII04YeHNe O
TOM, 4TO J00aBKM OKCHJa >Kele3a B KOMMYECTBAX, He IMPUBOAALINX K 3HAYUTETbHOMY

CHIMDKEHUIO Cofiep>KaHuA AUTIOMIUHIUA B IIOpoOIIKax, AKTUBUPYIOT OKMCIIEHNE

BO3/lyXa.
B3aMOJIe/iCTBYEe Ha moBepxHOCTM wacTul (muky Ha Kpusbx JJCK mpu 931, 920 u 893 °C)

HOPOIIKOOOPAa3HOTO ~ META/UIMYECKOTO0 TOPIOYEro  KUCIOPOOM TepmurHOe
CIIOCOOCTBYET MOBBILIEHNIO YIENTbHOTO TEIUIOBBIE/IEHVISI U ITOJTHOTBI OKMC/ICHUS aTIOMUHUA.
ITpu 3TOM TeMIlepaTypa BOCIUIAMEHEeHUA TepMMUTHOI cMecu cocraBa Al + Fe,Os; B Bakyyme

cocrasisaeT 965 °C [50].
3aknroueHue

Ha puc. 1 u 2 npepcraB/ieHbl CXeMbl OKMCIEHVSI YacTUL| QIIOMVHAS M TTOPOIIKOB Al,
nermpoBaHHbIXx P3M. OTu pesynbTaThl 66N IIO/Iy4eHbl, KaK OTMEYa/JoCh BbIIIE, IIOCTIE
TPYIOEMKMX MCC/IEIOBAaHNII Ha IPOTSHKEHUM [IeCATKOB JeT. VIcnonb3ysa NpuBefieHHble B
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Hacrosimeit pabore pmanuble mo TT, JJCK wu penrtreHoBckoro ¢asoBoro aHammsa
HEIIOCPE/ICTBEHHO B XOJie IPOTPAMMIPYEMOTO HarpeBa Ha BO3[yXe, IIyTEM UX COITOCTAB/IEHU
II0 OCU TEeMIIEPATyp, KapTUMHY OKMUCIEHUA, CKIa[bIBAIOIIYIOCA U3 II0C/IEl0BATEIbHOCTEN
¢dasoobpazoBanms, PasoBbIX NEPEXOLOB B OKCUAHBIX CIO0AX, METAUVIMYECKOM SIpe MOXHO
IIpeICTaBUTDh B BUJE AMarpaMMbl, IIpUBeJeHHOM Ha puc. 1. Ha puc. 33 npusenena, B KadyecTse
npuMepa, IOf00HasA AMarpaMMa I aloMMHUA, MoguduuypoaHHoro V,Os u dncroro Al

IIOPOIIIKa.
0
= 1100 °C
80 1-Al+V,0,
601
401 !
E 500 °C 554
i Al
Al,0,,
20 VZOS
Al, o -Al, Oy Al
al ALO, / a-ALO;,
| ; t : 0
200 400 600 800 1000 1200

Puc. 33. Kpusaa TT nmopomxa Al-V,05 (1) u ncxogHoro Al (2) n o6mactu popMuposanus ¢as B IIpoljecce Harpesa
Ha BO3fiyxe co ckopocTbio 10 °C/Mun.

C yyerom TepMuTHOTO B3auMopectBys V205 ¢ Al, BO3MO>XXHOCTD IPOTEKAHMSI peaKInii
MeXJ[y OKCUIAMIU, B UCCIEAyeMOil CCTeMe MPOIIeCCOB POCTa HOBBIX KPUCTAIMYECKUX ¢as,
HAIpsDKEHNI Ha TpaHulax paspena ¢as u gpyrux spjaennit, umes pesynbratsl CU n TT/ICK,
B 3HAUMTEIBHO 00JIee KOPOTKME CPOKY MOXKHO IIOJIYYUTh VICYEPIIBIBAIONIYI0 MHPOPMALIO O
CPaBHMTEIbHBIX pe3y/lIbTaTaX MOAM(UIMPOBAHMA ¥ IPOIeCccaX, ONpefe/AIINX MeXaHI3M
okucnenyss. COBOKYIIHOCTb PacCMOTPEHHBIX SKCIEPUMEHTATbHBIX METOHOB OOOCHOBaHVS
BBIOOpA TIyTell aKTMBM3ALMU OKUCIEHUA META/VIMYECKUX TOPIYMX, HapAmY C MMEIeiicsa
BO3MO>KHOCTBIO MICC/Ie[JOBAHNUA MOJIENbHBIX U peanbHbIX cMeceBbIX cocTaBoB IKC Ha HOBOM
yckopurene «CKV®», 3HaUNTENBHO YCKOPAT CO3/laHME HOBBIX 9HEPIOEMKIX MaTe€PUA/IOB.
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Introduction

The selection of metallic fuels for energetic condensed systems (ECS) of various purposes
is based on the specific heat release characteristics of metals during combustion [1]. Many
metals, such as Be, Li, B, Al, and Mg, are of interest in terms of specific heat of combustion
(Table 2) [2]. Indeed, beryllium and its reaction products are highly toxic; lithium is unstable
under storage and operational conditions. The most widely used powders are those of Al, Mg,
and B. However, the issue of the efficient utilisation of metallic fuels and their energy potential
to enhance ECS for various applications has not been addressed yet. A lot of recent review
articles are discussing the approaches to modification of aluminum powders [3-6]. A logical
and effective method to increase reactivity appears to be reducing particle size. For instance,
nanosized aluminum powders exhibit very high reactivity [3]. However, their use in solid
propellant compositions is challengeable and related to compatibility with fuel binders, their
stability during storage, and losses of active metal during processing. Consequently, the most
widely used powders are micron-sized aluminum with the maximum possible active metal
content, obtained through melt atomisation to produce spherical particles [7]. The cost of such
powders is much lower than the cost of Alex Aluminium with a particle size of 120-160 nm [8].
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Fig. 1 presents the interaction pattern of microsized Al powders based on the research
findings obtained through thermogravimetry (TG), differential scanning calorimetry (DSC),
and phase analysis of oxidation products at characteristic heating stages [9].
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Fig.1. Scheme of aluminum particle oxidation [9].

According to Fig. 1, under conditions of programmed heating in air, temperature
intervals can be identified. It corresponds to the acceleration and deceleration of the interaction
process. Within these intervals, the aggregate state of Al changes (melting), and transformations
occur in the oxide layer on the particle surface. It transitions from an amorphous state to y- and
a-forms of ALLOs as the temperature of the oxidative environment increases. The formation of
each crystalline phase on the surface of the dispersed aluminum enables the delivery of oxygen
to the zone of chemical interaction. It is associated with a loss of continuity in the protective
layer, caused by stresses arising from changes in the crystalline structure of the oxidation
products [9]. The low melting point of aluminum and the stresses generated during melting
due to the difference in the coefficients of thermal expansion of Al and Al,;Os lead to the rupture
of the protective film. It ensures oxidiser transportation but simultaneously causes particle
agglomeration due to the appearance of liquid aluminum.

Thus, the features of phase formation during the heating of dispersed aluminum in an
oxidative environment show the characteristic challenges associated with utilising the energetic
potential of Al as a metallic fuel in condensed systems for various applications. These challenges
are related to particle coarsening at the moment of liquid Al formation and the high protective
properties of AL,O; oxide formed on the particle surfaces. Consequently, to accelerate oxidation,
it is necessary to affect on the properties of the products formed during heating in an oxidative
environment.

The monograph [10] considers an analysis of the fundamental physicochemical
properties of Al melts with rare-earth elements (REEs) and the oxidation characteristics of
powders produced from them via atomisation. According to those, the surface properties of
particles can be controlled by considering the reactivity and surface activity of alloying elements
introduced into the aluminum melt. Due to adsorption processes in surface layers, a
surface-active metal becomes concentrated. It leads to an increase in its surface concentration
even at low bulk concentrations within the particles. This is related to the difference in surface
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tension between aluminum and the alloying additive and is greater when this difference is larger
[11]. Additionally, a second factor influencing the reactivity of alloy powders is the oxidation
activity of the alloying additive itself. Research in this direction allowed the author of [11] to
develop a scheme of the oxidation mechanisms for Al particles doped with active elements.
Scheme in Fig. 2 shows the increased complexity of phase formation on the surface of alloy

powder particles promotes the acceleration of aluminum matrix oxidation.

2]

e 330°C

930 °C 690 °C

Fig.2. Structure of the particle and the oxide film on its surface changing during heating: 1) solid solution;
2) intermetallide; 3) Al,Os; 4) AL, O3, R,O3, RAIO3; 5) melt; 6) RAIO;; 7) Al,Os.(R - rare-earth element)

The achievement of these results required decades of work to analyse the concentration
of alloying elements on particle surfaces using Auger electron spectroscopy (AES) and X-ray
photoelectron spectroscopy (XPS), chemical and X-ray phase analysis of interaction products
after heating to various temperatures, electron microscopy, and monitoring changes in the
specific surface area of the powders.

Another method for modifying dispersed aluminum provides influencing the properties
of the interaction products on the surface of oxidising Al particles. It involves the use of
transition metal oxides. The study [12] demonstrates their positive role in the occurrence of
thermite interaction with aluminum and the ability to deliver oxygen directly to the reaction
zone on the surface of the oxidising particles. However, using mixtures of Al powders with oxide
powders in the manufacturing process of energetic systems leads to a loss of direct contact
between the particles. Consequently, methods ensuring the deposition of oxidisers directly onto
the particle surface were developed [13, 14].

The development of in situ methods for studying heterogeneous reactions during heating
in gas atmospheres has significantly accelerated the acquisition of information on the processes
of the dynamics of phase formation and the kinetics of oxidation of metals and alloys. At the
Institute of Nuclear Physics of the Siberian Branch of the Russian Academy of Sciences
(SB RAS), in collaboration with researchers from the Institute of Solid State Chemistry and
Mechanochemistry (Novosibirsk, Russia), phase formation processes occurring directly during
programmed heating in gas atmospheres have been implemented at a synchrotron radiation
source.

This paper reviewed the results of studying the oxidation of aluminum powders, its alloys
with Ca and Ba produced by melt atomisation, dispersed Al with surfaces modified by transition
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metal compounds in the form of corresponding gels deposited onto the particles. Using TG,
DSC, and synchrotron X-ray phase analysis during programmed heating on air atmosphere,
data on the dynamics of phase formation and the reasons of the physicochemical interaction
processes occurring within the bulk and on the surface of the particles were obtained. The
effectiveness of the experimental methods used to justify the selection of pathways for activating
the oxidation of aluminum-based metallic fuels is assessed.

The purpose of this study is to evaluate the potential of using experimental methods
providing information on the reactivity and dynamics of phase formation during the oxidation
and combustion processes of metallic fuels.

Experimental Methodology and Materials

TG/DSC analysis of pure and alloyed Al was performed on a NETZSCH STA 449 F3
Jupiter thermal analyser using thin-walled alumina crucibles with an initial sample mass of
approximately 15 mg. Heating was conducted from 25 to 1200 °C at a rate of 10 °C/min.
The measurement cell with the sample was purged with an air flow (20% O, + 80% N) at a rate
of 50 ml/min.

The morphology of the alloyed aluminum particles was studied using a TESCAN VEGA
Compact LMH (s5121) and a JEOL JSM-6390LA analytical scanning electron microscope
equipped with an energy-dispersive X-ray analyser (EDX). Chemical (elemental) analysis for
the content of the modifiers used was performed by atomic emission spectrometry on a JY-48
inductively coupled plasma (ICP) spectrometer. The specific surface area of the powders was
evaluated by low-temperature nitrogen desorption (BET method) on a TriStar 3000 automatic
analyser (Micromeritics, USA). Particle size and size distribution were determined by laser
granulometry on a Horiba LA-950 laser analyzer (Horiba, Japan).

Studies of phase formation features were conducted using a synchrotron radiation (SR)
source at the "High-Pressure Diffractometry" and "Precision Diffractometry” stations installed
on the fourth and sixth SR beamlines of the VEPP-3 electron storage ring (Shared Research
Center "SSTRC", BINP SB RAS) [15, 16]. For high-temperature studies, an XRK-900 reactor
chamber (Anton Paar, Austria) was used. The gas mixture was supplied using SmartTrak 50 gas
flow controllers (Sierra, USA); reaction products were monitored by a quadrupole mass
spectrometer (SRS UGA100, USA). The sample (volume ~0.15 cm®) was heated at a rate of
10 °C/min, with a gas mixture flow rate of 50 ml/min. Phase analysis was performed using the
ICDD PDE-2 powder database [17]. Quantitative phase analysis and refinement of crystal
lattice parameters were conducted by the Rietveld method using the MAUD program [18].

Main body
Synthesis of Al-Ca, Ba alloys and powders based on them

There are many widespread methods of metalworking, i.e. reduction of metal oxides,
hydrometallurgical and carbonyl processes, electrolysis of aqueous solutions and molten salts,
and mechanical milling. However, melt atomisation is more advantageous industrial approach
due to its relatively low energy consumption, high productivity and process efficiency, broad
automation capabilities, and environmental cleanliness [17]. Atomisation is particularly

42



FROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 6, ISSUE 3, 2025

effective for producing multicomponent alloy powders, as it ensures volumetric uniformity of
chemical composition and optimal particle shape. It is achieved by superheating the melt prior
to atomisation resulted in a high degree of homogeneity at the atomic level due to the complete
destruction of the solid-state hereditary structure, intense mixing, and rapid particle
crystallisation with high cooling rates (ranging from 10-10* to 10°-10° °C/s). Adjusting the
cooling rate over a wide range allows ones to control over the microstructure, enabling the
production of particles with varying grain sizes, free from defects such as inhomogeneous
distribution of alloying components, and precise management of particle size [18].

The shape of atomised powder particles can be modified from perfectly spherical to highly
irregular by regulating the process temperature between liquid metal disintegration and droplet
solidification [19]. These factors collectively establish melt atomisation as the most promising
method for producing high-quality metallic powders. When powder oxidation is unacceptable
or high density and spherical particle morphology are required, atomisation with neutral or
inert gases (nitrogen or argon) is applyed, eliminating the need for subsequent reduction
annealing [20].

The powders of aluminum alloys with Ca, Ba, and the initial Al were produced using the
UR-16-300-0.6-U4 installation manufactured by OOO Raspylitelnye Sistemy i Tekhnologii
(Spray Systems and Technologies LLC) (Sverdlovsk region, Novouralsk, Russia). Fig. 3 shows
the schematic diagram.
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Fig.3. Schematic diagram of the installation for producing aluminum alloy powder by melt atomisation with
nitrogen: 1) Melting furnace; 2) Atomisation chamber; 3) Powder collector; 4) Heater; 5) Atomisation nozzle; 6)
Crucible; 7) Viewing window; 8) Cyclone; 9) Safety valve; 10) Cyclone collector; 11) Metal conduit; 12) Filter; 13)
Turbo blower; 14) Fore-vacuum pump; 15) Gas manifold; Thyristor voltage regulator (TRN 1.2) for controlling
the power of the furnace and metal conduit heaters.

The temperature regimes for atomisation were based on the phase diagrams of Al-Ca and
Al-Ba presented in the following section. Alloying was conducted using master alloys composed
of intermetallic compounds with the highest aluminum content. Before introducing them into
molten aluminum, the intermetallics were ground to a particle size of no more than several tens
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of micrometers. Grinding brittle intermetallic compounds reduces the melt homogenisation
time prior to atomisation and lowers the required superheating temperature relative to the
melting point of aluminum.

Ca and Ba and phase diagrams of binary systems based on aluminum

To accelerate the oxidation process of aluminum-based powders, the alloying element
introduced into the Al melt must possess high oxidation capability and surface activity relative
to aluminum in the liquid state. Calcium (Ca) and barium (Ba) were selected as such elements.
Calcium demonstrates high chemical reactivity towards oxygen. On air, it oxidises more slowly
than alkali metals because the oxide film formed on its surface is less permeable to oxygen.
When heated, calcium burns with the release of a very large amount of heat [21]:

2Ca + O, = 2Ca0 + 635.5 kJ/mol (1)

The surface tension of calcium is 361 mJ/m? [10]. It is close or even lower to that of the
most surface-active rare-earth elements - europium and ytterbium [10].

On the Al-Ca phase diagrams (Fig. 4), in the aluminum-rich region, there are
intermetallic compounds characteristic of rare-earth elements. For instance, Al;Ca forms
through a peritectic reaction at 700 °C. However, the congruently melting intermetallic
compound AlL,Ca melts at 1080 °C [22]. The aluminum-rich eutectic is identified at a
temperature of 615 °C and a composition of 5.3 at.% Ca, with the solubility of Ca at this
temperature being ~0.4 at.%.
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Fig.4. Al-Ca phase diagram.

Barium is chemically more reactive than calcium. Metallic barium is stored in sealed
containers under petroleum or paraffin oil. On air, metallic barium loses its luster and becomes
covered with a brownish-yellow film of oxide and nitride later turns gray:

Ba + % O, = BaO + 556,9 k]/mol, (2)

3Ba +N, = Ba;N, + 376,1 kJ/mol. (3)

Metallic barium is used for the metallothermic reduction of most metals, including
aluminum [23].
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On the Al-Ba phase diagram [22], as in Al-rare earth metal (REM) systems, there are three
compounds. The most aluminum-rich is Al;Ba. It melts congruently at a temperature of 1105 °C

(Fig. 5).
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Fig. 5. Al-Ba phase diagram.

According to previous study [24], intermetallic compounds presented in the structure of
aluminum-based alloys play a leading role in the oxidation process of powders, as they exhibit
higher reactivity toward atmospheric oxygen than aluminum. When the alloys transit to the
liquid state, the surface of the metallic core becomes enriched with the surface-active additive.
They exist in the form of ordered microgroups corresponding to the most stable intermetallic
compound [25]. Based on the results of study [26], the particle surface will be enriched with Ba
due to the concentration of intermetallic groupings of the composition Al;Ba in the Al-Ba
system. A similar trend is expected for the Al-Ca system concentrating intermetallic groupings
of AlsCa and AL Ca on the particle surfaces.

Figure 6 shows microimages of powders of aluminum alloys with Ca and Ba. Both
powders have a nearly spherical shape.

i
L
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a)
Fig. 6. Microphotograph of Al-Ca (a) and Al-Ba (b) alloy powders.

According to chemical analysis, Ca content in the powder is about 0.88 at.%, and Ba is
0.26 at.%. According to XPS data [27, 28], Ca concentration on the surface is 34 at.%. Particles
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of Ba alloy powder contain ~13 at.%. The specific surface area of the powder containing Ca is
0.2 m?*/g, and that of the alloy with Ba is 0.47 m?/g. The average particle size is 11 pm and 5 um,
respectively.

Thus, aluminum-based powders containing reactive and surface-active metals (Ca and Ba)
in an amount of 1.3 wt.% were obtained in accordance with the amount of master alloy
introduced into the Al melt before powder production.

Methods for producing oxidation modifiers for aluminum-based powders and their
application techniques to particle surfaces

To ensure close contact of modifiers with aluminum particle surfaces to enhance
reactivity, methods for producing transition metal oxide compounds were developed. These
were applied in the form of gels, penetrating the natural surface topography formed during melt
atomisation crystallisation. After thorough mixing and appropriate thermal treatment, a
composite powder with an additional shell of transition metal oxide was formed. Below there
are examples of two developed methods for modifying Al with V,Os and Fe;Os.

Modification with V,Os

The method is based on the thermolysis of V,Os by pouring its melt into intensely stirred
distilled water. In this case, a V,0s-nH,O hydrogel forms instantly upon contact of the melt with
cold water. Almost all vanadium in the gel is in the pentavalent state. The vanadium content in
the gel can be regulated by evaporation, up to a paste or even solid state, i.e., forming xerogels
with minimal water content and a unique structure [13, 29]. The gel can be applied using
vacuum filtration or, in the case of a paste state, by mixing the components.

According to scanning electron microscopy, impregnation with V,Os gel does not change
the shape of the original Al powder particles (Fig. 7). Adsorption measurements showed an
increase in specific surface area. Moreover, Hall funnel flow tests indicated a significant
improvement in flowability [29].

30kv  X1,000 10pm 09 30 SEI

Fig.7. Morphology of Al particles: a) initial; b) modified with V,05-nH,O.

Modification with iron formate

Modification was conducted according to a patented method [30] by mixing the metal
powder with a gel of basic iron(II) formate - Fe(OH)(HCOO).. To obtain the gel, a method
based on the interaction of iron nitrate (Fe(NO;);-9H,0O) with diluted formic acid under mild
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heating was used. The solution was held at 80 °C until the release of gaseous products ceased
and then evaporated at the same temperature to form a bulk orange precipitate of basic iron
formate. The precipitate was separated from the mother liquor by vacuum filtration and
air-dried at 50 °C for 1 hour. To prepare the modified aluminum powder, the required amount
of Fe(OH)(HCOO), was dissolved in distilled water at 80 °C and cooled to room temperature.
It was then mixed with Al powder in a porcelain cup. To remove water and decompose the iron
formate, the sample was dried at 100 °C for 0.5 hours and then calcined at 350 °C for 1 h. The
calcination temperature was selected based on thermal analysis data. Those indicate that the
decomposition of Fe(OH)(HCOO), during heating in air occurs exothermically in a single
stage.

After modifying the surface of the aluminum powder with iron oxide in an amount of
2 wt.% (in terms of metal), the particle surface becomes rougher (Fig. 8).

-

20kv  X2,500 10pm 10 30 SEI

Fig.8. Electron micrograph of Al powder particles modified with Fe,O:;.

Local analysis by energy-dispersive X-ray spectroscopy (EDX) confirms the presence of
Fe,Os on the particle surface; the Fe content in the sample is close to the calculated value.

Results of the oxidation study of aluminum-based powders using TG and DSC methods

Figure 9 shows the results of the oxidation study of aluminum powder produced by melt
atomization [27].
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Fig. 9. TG and DSC curves of initial aluminum.
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At the initial stage of interaction (550-700 °C), an exothermic effect is observed. It is
associated with the disruption of the protective properties of aluminum oxide on the particle
surface due to the transition of amorphous AlLOs to the crystalline y-form, and an endothermic
effect of melting of the Al sample. Above the melting point, under the studied heating regimes,
a single maximum appears on the DSC curve at a temperature of about 1060 °C. The specific
heat released as a result of oxidation is 1840 J/g; the completeness of oxidation is about 41%.

For the Al-Ca alloy (Fig. 10), a more complex heat release pattern is characteristic in the
active oxidation region [27].
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Fig.10. TG and DSC curves of Al-Ca alloy.

Two maxima are observed on the DSC curve: the first at approximately 920 °C and the
second at about 1030 °C. The specific heat released is 2104 J/g; including the heat in the region
of the first maximum it is 686 J/g. It practically coincides with the melting temperature of the
alloy. The degree of conversion is about 73%, indicating an increase in oxidation activity.

For the Al-Ba alloy powder [28], oxidation accelerates immediately after melting. An
exothermic effect is recorded on the DSC curve with an area corresponding to 265 J/g (Fig. 11).
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Fig.11. TG and DSC curves of Al-Ba alloy.
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It is followed by a second acceleration region of oxidation with a maximum heat release
at 1110 °C. The specific heat release increases to 9026 J/g. The total heat release during heating
of the sample to the maximum temperature is more than 8 times higher than that of the pure
(initial) aluminum powder. The degree of conversion is about 85%.

Figure 12 shows the TG and DSC curves of Al powder modified by applying a V,Os-based
gel to its surface. For ease of comparison of the obtained powder, data for the initial aluminum
without modification are presented. The oxidation process of the powder begins at
temperatures around 500 °C. It is below the melting points of Al (660 °C) and V,0s (678 °C).
The DSC curve at a metallic vanadium concentration of 0.78 wt.% shows an exothermic effect
with a maximum at 800 °C. It is 250 °C lower than that of the initial aluminum powder. The
degree of conversion at 1000 °C is over 80%. Indeed, the unmodified aluminum powder at this
temperature is only approximately 20% oxidised.

In terms of reactivity during heating in air, the presented composition is not inferior to
and even surpasses the Alex powder obtained by the explosion of aluminum wire. The degree
of conversion of Alex powder at 1000 °C is 69% [8].

Along with assessing the reactivity of the developed modified metallic fuel powders,
thermogravimetry and scanning calorimetry data provide optimising the search for new
modifiers and the conditions for their application to powder surfaces. The use of additives
[31-33] of oxides such as WOs, M0O:s, V,0s, Ta,0s, 1,05, TiO,, Cr,0s, Fe;0s, Bi;Os, CuO (strong
oxidisers and direct surface reactions along the thermite type) activates aluminum combustion.
However, practical interest to the modifiers that can be combined with metal powders in a gel
state, ensuring close contact with their surface. It is important in the process of obtaining
composite formulations for energetic systems.

Therefore, a search for modifiers from the series of formates of manganese, iron, cobalt,
and nickel was conducted, their synthesis was performed, and their effect on the reactivity of
aluminum powder was studied [34]. The formates were analysed on a thermal analyser when
heated to 400 °C in an air environment. Figure 13 shows the TG and DSC curves of Mn, Fe, Co,
and Ni formates. The obtained results were used to select the conditions for forming coatings

on the surface of aluminum powders.
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Fig.12. TG and DSC curves: 1 — Al modified with V,0snH,O gel at a vanadium concentration of 0.78 wt.%;

2 - initial aluminum.
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Depending on the temperature regimes and gas environment of modifying, an oxide or
metallic coating can be formed on the particle surfaces.
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Fig.13. TG and DSC curves of M(HCOO),-2H,0; M = Mn (a), Fe (b), Co (c), Ni (d).

Fig. 14 shows the TG and DSC curves of samples of spherical dispersed aluminum powder
(ASD-4) modified by impregnation with solutions of M(HCOO),-2H,O, where M = Mn, Fe,
Co, Ni, at a dosage of 2 wt.% in terms of metal content.
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Fig.14. TG and DSC curves of ASD-4 powder samples modified by impregnation with solutions of
M(HCOO),-2H,0, where M = Mn (a), Fe (b), Co (c), Ni (d), after heating on air at 350 °C for 30 minutes.
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According to Fig. 14, a noticeable increase in the degree of oxidation occurs only when
modified with iron formate.

Based on the examples, the developed modifiers significantly enhance the reactivity of
aluminum-based powders.

Results of X-ray phase analysis using a synchrotron radiation source

Aluminum powder

Information on the phase composition of a sample heated directly in the focus of the
radiation beam allows ones to analyse the interaction of Al in a single experiment. It is
comprehensively presented in Fig. 15. showing diffraction patterns of ASD-4 powder at various
heating temperatures above the melting point of aluminum.
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Fig.15. Diffraction pattern of ASD-4 powder at temperatures: black line is 700 °C; green is 800 °C; blue is 900 °C.

Against the background halo of the liquid phase, clear lines of oxide phases formed during
oxidation are recorded on the diffraction spectra. Their intensity increases with rising
temperature. However, at the time of obtaining this information, the method's capabilities were
limited to measurements with steps of several tens of degrees. Nevertheless, the high sensitivity
of the detector provides the detection of small amounts of the resulting interaction products.

Aluminum modified with Ca

Based on the results of diffraction studies (Fig. 16) using synchrotron radiation (SR), the
initial sample consists of three phases: a solid solution of calcium in aluminum, the intermetallic
compound Al,Ca, and a small amount of Al,Ca. This pattern persists up to the melting point,
with only peak shifts occurring due to increased lattice parameters caused by thermal

expansion.
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Fig.16. Diffraction pattern of Al-Ca powder at 500 °C.
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After melting, the peaks from aluminum and intermetallic compounds disappear, and
peaks from phases of corundum, grossite (CaAl,O;), and chi-ALOs; occur against the
background of scattering from the liquid alloy (Fig. 17).
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Fig.17. Diffraction pattern of Al-Ca powder heated to 750 °C.

Upon further heating, up to the maximum temperature, there are phases of corundum,
grossite, and chi-ALOs, The liquid phase persists when heated to 1000 °C. As the temperature
raises, the quantity and intensity of lines from aluminum oxide and grossite (CaALO;)
significantly increase (Fig. 18).
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Fig.18. Diffraction pattern of Al-Ca powder heated to 1000 °C.

Figure 19 shows the results of the thermal analysis of powders: Al-Ca alloy (1) compared
to the initial aluminum (2).
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Fig.19. TG (a) and DSC (b) curves: 1) aluminum-calcium alloy; 2) pure aluminum.
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According to Fig. 19, at the temperature range of 1025-1280 °C the degree of conversion
of the calcium-alloyed powder is two or more times higher than that of pure aluminum.
Moreover, at the maximum heating temperature of 1480 °C, the oxidation completeness of the
alloy powder is 1.65 times higher.

By a comparison of the obtained results, the presence of three phases (two intermetallic
compounds and aluminum) in the structure of the initial alloy particle significantly alters the
thermokinetic patterns of aluminum oxidation. Starting from 730 °C, the oxidation process
intensifies sharply. In addition to aluminum oxide, grossite (CaAL,O) is formed, resulting from
the interaction of calcium and aluminum oxides.

Thus, alloying aluminum with calcium significantly enhances the oxidation completeness
of aluminum-based powder. Indeed, calcium exhibits high surface activity toward aluminum
and high reactivity with oxygen, This is particularly evident in the initial stages of interaction,
at temperatures up to ~1280 °C. Apparently, within this temperature range, the main mass of
the alloying additive determining the oxidation features is consumed due to the constant
replenishment of the liquid alloy surface with calcium. As seen in Fig. 19, above 1280 °C the TG
curves exhibit similar behavior. Such interaction character confirms the proposed mechanism
of oxidation presented in the study [11].

Aluminum modified with Ba

Similar studies were conducted for the Al-Ba system. As shown by the diffraction results
of the Al-Ba powder (Fig. 20a), the initial phase composition of the powder (Al, Al;Ba, AL,;Os)
persists up to the melting point of the eutectic. A broad scattering maximum from the liquid
phase appears on the diffraction pattern (Fig. 20b).

According to [22], the eutectic melts at a temperature of 651-652 °C. It is consistent with
the observed heating temperature of 650 °C.

With subsequent temperature increase, during the analysis of the phase composition of
oxidation products by X-ray diffraction, a growth in the intensities of maxima corresponding
to the intermetallic compound Al,Ba is observed (Fig. 20c). Upon further heating, it oxidises to
form double oxides BaALO4 1 BagssAl11O1733 (Fig. 20d). The occurence of these phases in the
oxidation product layer, along with y and a forms of individual aluminum oxide, reduces the
protective properties of the barrier layer, as they have different structures and
physico-mechanical characteristics. It is confirmed by electron microscopy data of the initial
powder and oxidation products (Fig. 21).

The oxidation products have a fragmented form of hollow oxide shells and smaller
fragments. This phase formation pattern facilitating the access of atmospheric oxygen to the
metallic surface. It is confirmed by the TG and DSC curves (Fig. 22).
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Fig.21. Morphology of Al-Ba powder particles: a) initial; b) oxidised upon heating to 1000 °C.
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Fig.22. TG and DSC curves: 1) Al-Ba alloy (Sy= 0.47 m?/g); 2) Al (Sy, = 0.4 m?/g).

According to thermograms comparison, up to the melting point the pure aluminum
powder oxidises vigorously than the alloy itself. As previously established [35], it is due to the
removal of diffusion limitations during the transition of amorphous aluminum oxide to the
crystalline y-form ALO; causing an exothermic effect with a specific heat release of 237 J/g. It is
followed by endothermic effects of melting of aluminum and the alloy. Upon further heating,
the alloy powder oxidises more efficiently. Immediately after melting, oxidation accelerates, and
an exothermic effect is recorded on the DSC curve, with an area corresponding to 265.1 J/g.
Then follows a second stage of oxidation acceleration, detected on the TG curve by a change in
slope and the appearance of a new exothermic region, transitioning into a large exothermic
peak with maximum heat release at 1110 °C. The specific heat release here is 9026 J/g. The total
heat release during heating of the samples to the maximum temperature (1573 °C) for the alloy
is 8.4 times higher than for the aluminum powder. The maximum mass gain during heating of
the Al powder with a specific surface area of 0.4 m?/g is 44% of that for the Al-Ba alloy powder.

Thus, the high surface and chemical activity of both Ca and Ba allow them to be
recommended as effective additives modifying the characteristics of aluminum-based powders
used as fuels in energetic condensed systems.

Aluminum modified with V,0s

Results of diffraction studies using synchrotron radiation (SR) during heating of a
modified V,0s ASD-4 powder sample to 650 °C showed the phase composition consists of Al,
ALO; n V,0:s at the initial stage of the oxidation process (Fig. 23a). Above this temperature, i.e.,
after the transition of aluminum and the modifier V,O:s to the liquid state (Fig. 23b), lines of
AIVO, occur on the diffraction spectra; the lines corresponding to all crystalline forms of metal
oxides (AL,Os, V205) disappear. A further increase in temperature leads to the occurence on the
diffraction pattern of intense maxima from aluminum oxide (a-Al,O;) and weak reflections due
to the formation of intermetallic compounds of the compositions ALV n AlsVs (Fig. 23c)
presented on the phase diagram of the Al-V system [22]. On the diffraction patterns of samples
taken at the maximum possible temperature of 1100 °C under experimental conditions, the
intensity of lines of metallic phases noticeably decreases, and the halo from the liquid phase
disappears (Fig. 23d). The obtained results are consistent with the data provided in [36] on the
course of interaction processes in the thermite system based on metallic aluminum and V,Os.
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Fig.23. Diffraction patterns of aluminum modified with V,0s at temperatures: a) 500 °C; b) 650 °C; ¢) 900 °C;
d) 1100 °C.

Based on the analysis of the obtained experimental and literary data [37-39], the
mechanism of the effect of V,0s additives on the oxidation process of ASD-4 can be represented
in the following sequence. Upon melting, liquid aluminum destroys the oxide shell and contacts
with V,0s. At a temperature of about 680 °C it transits to the liquid state and interacts with
aluminum oxide according to reaction (4), forming AIVOy:

V.05 + Al,O; > 2A1IVO.. (4)

Simultaneously occurring intensive oxidation of aluminum, accompanied by an increase
in sample temperature, leads to the melting of AIVO, [40]. The diversity of practically
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simultaneous processes in the volume and on the surface of the sample is associated with the
polyvalency of vanadium. It promotes efficient oxygen transfer to the reaction zone, resulting
in intensive self-heating of the system.

According to [41], as a result of detailed diffraction analysis under conditions of small
temperature interval measurements, the formation of AIVO4 was observed. It was formed at a
temperature of 600 °C (Fig. 24), close to the temperature of AIVO, formation (T=620 °C)
estimated in [36] to study interaction of mixture components with a composition of
33% Al - 67% V,0s using high-temperature X-ray phase analysis.
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Fig.24. Series of diffraction patterns of the Al-V,Os system at 600-672 °C.

Indeed, the temperatures of processes under conditions of intensive oxidation and
combustion is a very complex issue relating with many biases. In [36], the relative bias in
temperature determination was about 5%. The bias in our experiment is estimated within the
same limits; the thermocouple in a corundum sheath was placed at a distance of 0.1-0.2 mm
from the sample and the same distance below the radiation beam. Direct contact of the
thermocouple with the reaction front in this diffraction method setup is very difficult to achieve.
Real reduction in the onset temperature of interaction can also be caused by dimensional factors
of the interacting particles [42, 43]. It can be assumed that nanoscale layers of V,Os and y-ALOs,
as established above by ellipsometry, can interact at lower temperatures [42, 43], initiating the
oxidation process.

Upon further heating, y-ALO; forms at about 642 °C, and reflections of crystalline
aluminum disappear. It indicates the transition of the main mass of aluminum to the liquid
state. It is 18 °C below the reference melting temperature and suggests an underestimation of
the actual sample temperature by the thermocouple. After melting, the occurence of lines of
metallic vanadium, the nucleation of a-ALOs, and an increase in the intensity of y-ALOs;
reflections are observed (Fig. 25).
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Heating in the range of 744-798 °C indicates a significant increase in the amount of the
high-temperature modification of oxide, a-ALO; (Fig. 26). The line of metallic vanadium

persists, and only at the maximum experimental temperature (798 °C) is a reflection

corresponding to VO observed in the interaction products.
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Fig.26. Series of diffraction patterns of the Al-V,Os system at 744-798 °C.

To ensure the reliability of the obtained diffraction patterns, a full-profile analysis of the
phase composition was performed using the Rietveld method with the MAUD (Materials
Analysis Using Diffraction) software [44] and the COD (Crystallography Open Database)
databases [45]. As an example, Fig. 27 shows the results of the analysis of the diffraction pattern

obtained at 600 °C.
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Fig.27. Diffraction pattern of ASD-4 modified with V,0s-nH,O at 600 °C.

According to Fig. 27, the content of AIVO, is about 3.6 wt.%; a content of liquid aluminum
and y-ALOs; is approximately 6 wt.%. The results of full-profile analysis at temperatures of
672-772 °C indicate a content of metallic vanadium of about 0.8-0.9 wt.%. It agrees with the results
of chemical analysis of vanadium in the modified layer (0.8 wt.%). However, it is impossible to
identify phases containing vanadium at the temperature above 772 °C.

In addition to phase transitions in the oxide layer and metal, the oxidation process of
ASD-4 modified with V,Os is influenced by chemical reactions between the components of the
Al-ALOs5-V,05-0O; system.

The thermite reaction and the reaction of formation of low-melting oxide AIVO, (4)
initiate aluminum oxidation. Constant changes in the phase composition of oxidation products,
associated with the surface activity of vanadium oxide and its polyvalency, cause disturbances.
They lead to the loss of protective properties by the oxide film on the particle surface and
facilitate heat and mass transfer to the chemical reaction zone.

Aluminum modified with Fe(OH)(HCOO),

To study the behavior of ASD-4 powders modified with gel during oxidation in air,
samples containing 1, 5, and 10 wt.% Fe (in terms of metal) were prepared according to the
developed methodology. According to synchrotron radiation X-ray diffraction data (Fig. 28),
ASD-4 powders obtained by impregnation with gel and heating in air to 350 °C already contain,
in addition to iron oxide in the form of y-Fe,O;, the phase a-Fe,O;. The intensity of a-Fe,O;
reflections increases with the amount of modifier.

The observed phase formation pattern may be due to the specifics of thermolysis of the
gel applied to the oxide surface of aluminum powder particles. According to [46], the phase
transition y-Fe,Os>a-Fe,Os begins above 350 °C and completes at 550 °C. It is associated with
the exothermic effect of the transformation of maghemite into hematite with a maximum on
the DTA curve at 560 °C (Fig. 29).
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Fig.28. Diffraction patterns of modified aluminum Fig.29. Results of thermal analysis of iron formate
powders with 1, 5, and 10 wt.% Fe content, obtained Fe(OH)(HCOO), by TG and DSC methods.

by impregnation with Fe(OH)(HCOO), gel and

heating on air to 350 °C.

Processes in the oxide shell on the surface of aluminum particles during heating,
associated with the formation of y-AL,Os, may also influence the phase transition of maghemite
to hematite. They occur with the release of crystallisation heat from the amorphous phase of
aluminum oxide in this temperature range.

Figure 30 shows diffraction patterns of modified ASD-4 powder with 10% Fe content,

obtained directly during oxidation at heating in an air environment.
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Fig.30. Diffraction patterns of modified aluminum powder with an iron content of 10 wt.%.

An increase in temperature to 500 °C does not lead to significant phase changes in the
sample. At 550 °C, the reflections of y-Fe,Os disappear, and the reflections of a-Fe,Os; become
more intense. After the transition of aluminum to the liquid state at about 660 °C, an increase
in the concentration of aluminum oxide in the form of a-AlLOs is observed. It becomes intense
at temperatures above 750 °C. During the oxidation process, iron stabilises as a-Fe,Os, upon
further temperature increase up to 1000 °C. However, no iron-containing phases are formed,
such as Fe, Fe;O4, FeO, Fe;Al, AlFe, FeAlLO, observed as intermediate products in the
interaction of components in the Al - Fe,O; thermite system [47-49].
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Figure 31 shows visually the temperature dependencies of the phase quantities formed
during the oxidation of the ASD-4 + 10% Fe sample. Each set of points by temperature
corresponds to one diffraction pattern from Fig. 30. Accordingly, the phases have different
weight contributions during heating.
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Fig.31. Dependence of the phase composition of the ASD-4 + 10% Fe sample on temperature during heating on
air from room temperature to 1000 °C.

According to Fig. 31, about 40% of the X-ray amorphous component corresponds to the
amount of liquid Al in the sample at the maximum temperature of X-ray recording (1000 °C).
After heating in a resistance furnace at a rate of 10 °C/min to 1000 °C and cooling a similar
powder in air to room temperature, full-profile analysis showed the presence of 40% Al in the
form of a crystalline phase, 54% a-ALO;, and about 6% hematite (Fe,Os). It agrees with the
amount of X-ray amorphous phase and a-ALOs oxide (Fig. 31).

A similar phase formation pattern is characteristic of samples with iron contents of 1 and
5 wt.%. Their diffraction patterns differ in weaker manifestations of iron oxide reflections. An
increase in iron concentration leads to a natural decrease in the temperature of the intensive
a-Al,O; formation stage due to Al oxidation from 850 °C (1% Fe) to 800 °C (5% Fe) and 750 °C
(10% Fe). Moreover, through X-ray diffraction only Al, Al,Os and polymorphic modifications
of Fe,O; were detected in the studied modified ASD-4 powder samples. The results presented
were obtained for compositions containing modifiers in amounts close to optimal
concentrations. It does not lead to a significant reduction in the mass of the main fuel
(aluminum).

To establish the patterns of modifier amount influence of iron oxide on the reactivity of
ASD-4 aluminum powder, we present the results of oxidation studies. The obtained samples
were analysed by thermogravimetry and differential scanning calorimetry during heating in an
air environment from room temperature to 1400 °C at a rate of 10 °C/min. The results of
thermal analysis are shown as DSC and TG curves in Fig. 32.
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Fig.32. TG and DSC curves of ASD-4 powders: initial (a) and modified with Fe(OH)(HCOO), gel: b) Fe,03 =1
wt.%; ¢) Fe,O3; = 5 wt.%; d) Fe,O; = 10 wt.%.

According to Fig. 32a, the oxidation of aluminum in the modified powder with an iron
concentration of 1 wt.% begins below 600 °C and is accompanied by a small exothermic effect.
The melting of aluminum (~660 °C) is recorded, followed by an acceleration of mass gain due
to oxidation with a maximum heat release at 931 °C and a specific heat of oxidation of 5943 J/g
in the range of 800-1060 °C. When the temperature is above 1060 °C, the oxidation process
gradually accelerates. However, the formation of a corresponding exothermic peak does not
occur up to 1400 °C. With a powder content of 5 wt.% Fe, the intensity of heat release following
aluminum melting increases sharply (Fig. 32b). The specific heat of oxidation increases to
7423 J/g; the temperature of the exothermic maximum decreases to 910 °C. With a further
temperature increase, a second (1290 °C) and a third (1335 °C) exothermic maximum form.
For the sample with a concentration of 10 wt.% Fe, the heat release intensity and the
temperature corresponding to the exothermic maximum decrease to 4290 J/g and 893 °C; the
positions of the second and third maximum peaks shift slightly to the low-temperature zone
(Fig. 32¢).
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Analysing the results of the studies, amounts of iron oxide additives do not significantly
reduce the aluminum content in the powders, activate the oxidation of powdered metallic fuel
by atmospheric oxygen. The thermite interaction on the particle surface (peaks on the DSC
curves at 931, 920, and 893 °C) increases the specific heat release and the completeness of
aluminum oxidation. The ignition temperature of the thermite mixture of composition Al +
Fe,Os in vacuum is 965 °C [50].

Conclusion

Figures 1 and 2 present schematics of the oxidation of aluminum particles and powders
of Al alloyed with rare-earth metals (REMs). Using the TG, DSC, and X-ray phase analysis data
provided in this study, acquired directly during programmed heating in air, and by aligning
them along the temperature axis, the oxidation process - comprising sequences of phase
formation, phase transitions in oxide layers, and the metallic core - can be represented as a
diagram shown in Fig. 1. As an example, Fig. 33 shows a similar diagram for aluminum
modified with V,0s and pure Al powder.

0
iy 5o 1100 °C
80 1-Al+V,0,
60{ 650 °C
ANO,,
Y-ALO;
40 0
. 500°C i
LA, e
ALLO,,
20 Va0, AL,
Y- Alzog y
Al o -Al, 04 Al
. AL, / o -ALO;,
’ 0
200 400 600 800 1000 1200

Fig. 33. TG curves of Al-V,0s powder (1) and initial Al (2), and phase formation regions during heating in air at
a rate of 10 °C/min.

The thermite interaction between V,0Os and Al, the possibility of reactions between
oxides, the growth of new crystalline phases in the studied system, interfacial stresses, the
availability of synchrotron radiation (SR) and TG/DSC data. etc. allow us to obtain comparative
modification results and processes determining the oxidation mechanism in a short time. The
combination of the experimental methods considered for justifying the selection of activation
pathways for metallic fuel oxidation, existing capability to study model, and real composite
formulations of energetic condensed systems (ECS) at the new "SKIF" accelerator will
significantly accelerate the development of new high-energy materials.
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MACHUMHAA NPOHUUAEMOCb, — NPOMUEOKOPPOIUOHHDIE C60UCINBA NULMEHMO8. YCMAHO06/IeHA 3A8UCUMOCb
ceoticmea, KOOPOUHAMbL meepooCcmu NAKOKPACOUHBIX NOKPHIMULL O MAZHUMHOU NPOHULAEMOCHU
usema, meepoocmo nuemenma.

Jna puTupoBanms:

Any¢puesa I'.b., Komuna A.A., Tepemko A.E. CuHTe3 4epHOr0 MarHMTHOTO >K€/IE300KCUIHOTO MUTMEHTa U
uccmenoBaHme ero cBoictB // Or xumum K TexHonmorumm mar 3a marom. 2025. T. 6, Beim. 3. C. 67-74.
URL: https://chemintech.ru/ru/nauka/issue/6423/view

BBenenue

YepHbIiT Kee300KCUIHBIN MUTMEHT, IoTy4aeMblit 13 okcupa sxenesa (FesO,), aBngercs
K/IIIOYEBBIM KOMIIOHEHTOM B Pa3/IM4HBIX OTPACIAAX MPOMBIIUIEHHOCTM, TaKUMX KakK
IIPOM3BOJCTBO JTAKOKPACOYHBIX MAaTEpPMAIOB, IOMVMEPOB M KOMIIO3UTOB. Ero yHmkambHbIe
($U3MKO-XMMIYECK/e CBOJCTBA, TaKMe KaK BBICOKAsA YKPBIBUCTOCTD, JVICIEPTUPYEMOCTb U
YCTOMYMBOCTb K BO3JEMICTBUIO BHEIIHEN Cpefbl, [e/laloT €ro He3aMEHNMMBIM B pAfie
IIPUIOKEHUIA.

AKTya/IbHOCTDb MICCTIEJOBaHMsI YEPHOTO >KeJIe300KCUJHOTO IMIMEeHTa O0YC/IOB/IEHa ero
LIVPOKMM WCIO/Ib30BaHNMEM B JIAKOKPACOYHOV IIPOMBILIJIEHHOCT B IIPOU3BOACTBE
HOMIMEPHBIX MaTepPMaNoB. B ycIOBMAX COBpeMEHHOTO PbIHKA, I TPeOOBaHNA K KaueCTBY U
9KOJIOTMYHOCTY  IPOAYKLMM CTAaHOBATCA BCce 0Oolee  CTPOIMMY, JCHOIb30BaHME
HEOPraHW4YeCKMX HMUTMEHTOB, TAKUX KaK YEPHBIN >Ke/lTe300KCUHBIN, IpuobperaeT 0cobyo
3HAaYMMOCTb. [IMTMeHT He TO/NBKO obecnedyyBaeT HEOOXOAMMYIO I[BETOBYIO TaMMy, HO U
CIIOCOOCTBYET YIYYLIEHMIO SKCIUTYaTallIOHHBIX XapaKTePUCTUK MAaTEepPUAIOB, TAaKMX Kak
YCTOMYMBOCTD K Y/IbTPad1on1eTOBOMY M3Ty4eHNIO, XMMIYeCcKasi CTOMKOCTb, TEPMOCTOMKOCTb,
3/IeKTPOIPOBOJHOCTD U Apyrue [1-6].

YepHBbIiT >KeTe300KCUIHBIN NMUTMEHT IPefCTaBjsieT co00il BBICOKOQYHKI[MOHATbHBII
MaTepuan, KOTOpBI Onarojapss CcBOMM (U3MKO-XMMWYECKMM CBOJICTBAM JIOBOJIBHO
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BOCTpeOOBaH B JIAKOKPACOYHOI OTpaciyM U pa3paboTKe COBPEMEHHBIX KOMIIO3VTOB.
[TpenMyIecTBa MUIMEHTA [Ie/IAIOT €T0 He3aMEeHVMbIM NPV pPa3pabOoTKe HOBBIX TEXHOJIOTUII U
MaTepuajIoB C 3aJaHHBIMY XapaKTePUCTUKaMI, 00ecIieunBasi CTAOV/IbHBII CIIPOC B PA3IMIHbBIX
CEeKTOpax MPOMBIIIIEHHOCTH [7].

IJKcnepuMeHTalbHas 9YacTh

[Tpubop Y-2 ucronb3oBascs ajis oNpefe/ieHns IPOYHOCTY MOKpbITuii mpu yaape (TOCT
4765-73); MassTHUKOBBI Tpuoop TMJI - s usmepenns tBepmocty nokportyit (TOCT 5233-2021);
ciektpootomerp CP-18 — mna ompepenenusa usera murmenta (FTOCT P 52662 - 2006);
K®K-2 - pna ompefeneHus pasMepa 4acTul] NMUIMeHTa; MMIleflaHcMmerp Z-1500] - pna
UCCTIelOBAaHM A MPOTUBOKOPPO3MOHHBIX CBOVICTB IIOKPBITUIL; TOPCUOHHbBIE Bechl Waga torsyjna
WT250 - 11 B3BelmBaHNA MarHUTHOTO IUTMEHTA.

OcHoOBHasA 4YacTh

Ilenpto maHHOV PpabOTHI SBIAAETCS CUHTE3 MAarHETUTOB C PAa3IMYHON MarHUTHOI
IIPOHMI[AEMOCTBI0O ¥ M3Yy4E€HME MX CBOJCTB. B Hacrosmee Bpemsa dYepHble MarHUTHbBIE
>KeJIe300KCUTHbIe TIMTMEHTBI OCTAIOTCS HeJOCTATOYHO MCCIeTOBAHHBIMU.

s monydeHmss depHoro kenmesookcupgHoro mnurmenta (YOKOII) w3 xenroro
)xenesookcuguoro murmenTa (FOCT 12.1.007) Heo6X0mMMO BOCCTaHOBJIEHME Keme3a u3 Fe’t,
B KauecTBe BOCCTAHOBUTE/ISI MOKET OBITh MCIIO/Ib30BaHa oenHoBasA kucnora (TY 2634-144-
44493179-11). Ionyuenne YIKOII npotekaer npu temmeparype 400 °C B TeueHue 1 4 1mo
peaxuum [3]:

216FeOOH + 2C17H33COOH + 5102 = 72FC304 + 36C02 + 34Hzo
B Xxone pa6OTI)I 61)171]/[ IIpOBENEHbl CHMHTE3bI LPKOIT ¢ Ppa3HbIM COI[ep)KaHI/IeM

BOCCTaHOBUTENA B cucreMe (Tabmmiia 1).

Tabmuma 1. Peuentypa cuHTe3a YepPHOIO JKENTE300KCHJHOTO IIMIMEHTAa C BapbMPOBaHNEM COJep>KaHMs
BOCCTaHOBUTENA (OIEMHOBOM KUCIOTHI).

Kommosnenr, % macc. WKOIT1 | WKOIT2 | YKOII3 | WKOIT4 | WKOIT5 | YKOII6 | YWKOII7
OenHOBast KUCIOTA 37,82 36,62 35,37 34,08 32,73 31,32 29,86
CopeprkaHue XenToro
>KeIe300KCUHOTO 62,18 63,38 64,63 65,92 67,27 68,68 70,14
nUrMeHTa, %
Utoro 100,00 100,00 100,00 100,00 100,00 100,00 100,00

HHH aHa/M3a MAarHUTHBIX CBOJCTB IIMTMEHTA IIpUMEHATICA METOL TOPCUMOHHOIO

B3BC€IIMBaHUA, IIOBBO}IHIO]_IH/II‘/JI KOJIMYECTBEHHO OLI€HMBAThb cuny MAarHmTHOIO

BSaVIMOHeﬁICTBVIH. Ha BbICOKOUYBCTBUTE/IIbHBIX TOPCUMOHHBIX B€CaX M3MEPAIN MACCY
HCCIeAyeEMOro IMMrmMeHTa B OTCYTCTBYE€ BHEHNIHETO MArHUTHOIO IIOJIA. I[a}Iee 1101 BEChI
IIoMenaan CUJIbHBIMI MarHUT, Cco3aBasd BHEIUIHEEC MArHMTHOE IIOJIE. HPOBO]II/ITII/[ IIOBTOpHOE
N3MEpPpEHNME MACChl INTMEHTA B NPUCYTCTBUNM CHMJIbPHOTO MAarHMTHOIO IIOJIA. PaccunreiBanu

Pa3HUIy MeXHy ITOTy4eHHBIM) 3Ha4eHMAMM Macchl Am (c MarHuToM u 6e3 Hero), KOTopas
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o0yc/lOoB/IeHa ~ B3aMMOJEIICTBMEM  Marepuajga C MarHUTHBIM IoleM  (HampuMep,
IIapaMarHUTHBIMY, JYIaMarHUTHBIMY VN (peppOMarHUTHBIMY CBOJICTBaMM 0Opasia).

m; —my

= 100
U m,

U — OTHOCUTE/IbHAA MarHUTHAaA IIPOHUIIAEMOCTD, %.
m,; — mMacca IUIMEHTA B IIPUCYTCTBUN CMJIPHOT'O MaruyTHOIO 11071, T;
mgp — Macca IMIMEHTa B OTCYTCTBUY MaroTHOIO 11014, T.

Ina nonydenusix o6pasunoB YXKOII mpoBeneHsl ncciefoBaHNs TEXHNYECKNX CBOVICTB.
3aBMCUMOCTD CBOJICTB IIUTMEHTA OT COIeP>KaHMsI BOCCTAHOBUTEIS IIPeICTaB/IeHa B Tabuiie 2.

Tab6muua 2. Texumueckne CBOVCTBA IIMTMEHTOB.

IIurment
[Toxasarennb PKOIT | WKOIT | WKOIT | WKOIT | WKOIT | WKOIT | YWKOII
1 2 3 4 5 6 7
Macnoemkoctp, 1/100 T 52 53 48 45 47 47 51
KOCII, % 27 27 29 30 30 30 28
YKpPBIBUCTOCTB, T/M? 7,6 7,7 7,6 7,7 7,7 7,9 8
Kucnornoe uncno, MrKOH/r 6,28 4,56 5,02 5,54 3,94 3,53 4,31
Pasmep wactui, MKM 2,4 3,5 3,7 2,3 3,2 2,9 3,5
OTHOCKTENIbHAsI MAaTHUTHASA 3.85 351 37 13.82 327 3,09 357
IPOHNUIIAEMOCTD, %
Coﬂepxa’;zz f;e”“HeH““ 7952 | 8266 | 7395 | 7600 | 7446 | 8377 | 8735

PesynbraThl  M3MepeHMII  ONpefle/IeHMA  OUCHEPCHOCTM  IMUIMEHTOB  METOLOM
CelMMEHTALIOHHOI TypOUAVIMETPUY IIPefiCTaB/IeHbl Ha puc. 1.

60,00 .

50,00 f

1 40N
2 0N

34H0on
——4 440N
5 MO

6 440N
e T HAON

40,00 |

30,00 |

dQ/ dR

20,00 |

10,00 |

0,0 5.0 10,0 15,0 20,0 250 30,0
DuameTtp D, MEM
Puc. 1. [uddepennmanbHas KpuBas pacrpee/ieHNs 0 padMepaM YacTHUI] IUTMEHTa.

Kak cmegyer m3 Tabmumbl 2, Bce IIMIMEHTBI OO0/IAfjal0T  YAOBIETBOPUTEIBHON
Mac/I0eMKOCTbI0, IIpM 3TOM HauMeHburass xapakrepHa ana YKOII 4 m paBHa 45r/100r.
YKpBIBUCTOCTD IUTMEHTOB HAXOUTCA B AMana3oHe ot 7,6 1o 8 MM?*/T, T.e. 06pasiipl 00/1ajaoT
BbICOKMM 3HadeHMeM OTOro IokKasaTensd. Hammydineit yKpBIBUCTOCTBIO MCCIIEyeMbIX
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OT XUMHUHU K TEXHOJIOTHH [RITEAREINITAY

nUrMeHToB obnmagaer obpaser; YXKOII 1, uro obycnoBneHo 6oee Y3KUM pacHpefe/eHneM
YacTuI] 10 pa3Mepy. Bce murmMeHTH 00/1afjaloT YOBIETBOPUTENIBHBIM cofiepkaHueM Fe’* B
nepepacyeTre Ha OKCHUJL JKeJle3a, YTO COOTBETCTBYET IIOKAa3aTeNAM [ >KeTe300KCUHBIX
ITMEHTOB.

Cnenyer OTMETUTD, YTO NPU COJEP>KAHMM ONEMHOBOI KMCIOTBI B PEaKIIMOHHON Macce
34%, momy4aeTca NUTMEHT C HaWIy4IIVMMM MarHUTHBIMM CBOJCTBaMu. Ero oTHocurenbHasg
MarHuTHas IPOHMIIAeMOCTb 0Oojiee YeM JiBa pas3a IPEeBBILIAET STOT ITOKa3aTeb IS APYTUX
CMHTe3UpOBaHHBIX mMrMeHTOB. Kpome Toro, mra YXKOII 4 nabmiomaercs camoe y3koe
pacrpejie/ieHyie 4acTul} 110 pasMepy.

B Xome cmHTe3a, HeCMOTpPSI Ha BBICOKYIO TeMIeparypy mporecca (400 °C), B coctaBe
IUTMEHTAa MOTYT HAXOAMUTHCS CIefbI OJIEMHOBO KMCIOTHI. [[/Is1 OLleHKM 3TOro ImapaMeTpa ObUIn
IPOBEJIEHbl  MCCIENOBaHMA  KUCIOTHBIX — 4MCell

TIO/Ty4eHHbIX ~ 00pas3IioB

YcraHOB/IEHO, YTO BCe nonydeHHble 06pasisl YXKOII obmamator HeBbIicOkMM 3HaueHreM K4,

IINTMEHTA.

YTO CBUMIETE/IbCTBYET O HE3HAYUTEIBHOM OCTaTOYHOM COJEpP>KaHUM OJIEMHOBOJ KMCIOTBHI.
[Tpnyem 3naueHue KY 06pasmoB Koppenmupyer ¢ copep>KaHMeM KUCIOTBI B PeaKLMOHHON
Macce COTJIACHO pelienTypaM cuHTesa (Tabmuma 1).

ITposenensl nccnenopanns ontndecknux cpoiicts YKOII, momydeHHBIX IpU pasIMIHbIX
KOHIIEHTpAl[MAX OJIEMHOBOM KMCIOTHI B PEaKLMOHHOM Macce BO BpeMs CUHTe3a.
VccnemoBamuch koopauHathl nBeta B cucteMe CIELab [8, 9] u cBeTOCTOIKOCTD TUTMEHTOB B
IIOJIHOM IIBeTe U B pas30ee C IMHKOBBIMM OemiaMyu B COOTHOIIeHMyu 1:5. PesymbTaTs

IIpefiCTaB/IeHbl B TabmIle 3.

Ta6muua 3. OnTndeckne CBOICTBA IUTMEHTOB

IInrment
ITokasarenu
WKOIT1 | WKOII2 | WKOII3 | WKOIT4 | WKOII5 | WKOII6 | YKOII 7
B momHoMm 11BeTe
Koo . era L'=27,09 | L'=26,38 | L'=27,63 | L'=28,91 L'=26,36 | L*=25,64 | L*=28,85
JMHATBHI 1|BET
Sll o ! 2'=0,93 | a*=1,27 | a*=1,03 | a'=121 | a'=0,84 | a*=1,04 | a*=1,10
JTy4eHUsA
AO OBIYE b*=3,70 | b*=4,13 | b*=33 | b*=218 | b*=2,77 | b*=3,33 | b*=334
L'=27,97 | L'=27,52 | L'=29,36 | L'=27,91 L'=26,20 | L'=26,52 | L'=30,31
Kooppanuate! 1jBeTa . . . . . . .
oce obvae a'=0,80 a=1,31 a=1,09 a'=0,98 a'=0,75 a'=0,94 a=1,28
I1OCTT JTy4deHU
v b*=3,54 b*=4,03 b*=3,51 b*=4,03 b*=3,59 b*=3,29 b*=3,59
CBeTOCTOMKOCTh
0,90 1,15 1,74 2,12 0,84 1,97 1,80
nurMenTa, AE
Pasnuyne
0,88 1,14 1,73 - 1,00 -0,16 - 0,88 1,78
o cBeTNnoTe, AL
B pasbene
L'=41,99 | L'=43,43 | L'=43,22 | L'=41,41 L'=46,63 | L'=43,17 | L'=44,34
Kooppanuatse! 1jBeTa . . . . . . .
o o6 mvae a'=0,96 a'=2,05 a=1,52 a=1,88 a=0,92 a=1,28 a=1,81
JTy4eHUA
HO OBIYE b*=0,18 | b*=-0,23 | b*=-0,65 | b*=0,46 | b*=-1,36 | b*=-0,73 | b*=-0,01
L'=41,33 | L'=43,20 | L'=42,89 | L'=41,59 | L'=46,60 | L'=43,29 | L'=44,14
KoopanHats! niBeTa . . . . . . .
oce o6 Tvie a=116 a=2,02 a=1,45 a=1,97 a=0,95 a=1,29 a=1,81
I1OCTT JTy4eHUA
v b*=-0,61 | b*=-0,44 | b*=-0,72 | b*=-0,29 | b*=-1,41 | b*=-1,04 | b*=-0,32
C "
BETOCTOMKOCTD 1,05 0,31 0,34 0,26 0,07 0,33 0,37
nurMmenTa, AE
Pasnuyne
- 0,66 -0,23 - 0,33 0,18 - 0,03 0,12 -0,2
o cBeTNnoTe, AL
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IIBeTOBBIE KOOPAMHATBI BCeX 00Pa3LlOB MUIMEHTOB OIM3KM II0 CBOEMY 3HAYEHUIO, HO
o6paser; YKOII 7 ob6rmapaer 6oee BBICOKMM 3HaueHMeM CBeTIOThL. KpoMe Toro, Habmoaercs
ormure oTTeHKOB o6pasunoB YWKOIL: npu yBenmueHnu copep>kaHusA BOCCTAaHOBUTENA IIPU
CUHTe3e IIMTMEeHTA YBe/INYMBaeTCsA KPAaCHOTA U CHIYKAeTCA XKeNTU3HA.

VlccnenoBaHa cBeTOCTOMKOCTb MUTMEHTOB IIO OLleHKe ITO/IHOTrO pasnnuudA B LBeTe AE
(rabmuma 3). O6paseny YWKOII 5 mpomeMOHCTpMpPOBaM HAWIy4LIYI0 CBETOCTOMKOCTb IO
pesy/nbTataM MCIBITaHUI. [ OCTanbHBIX 00pasioB NHoJx BosfeiicTBUeM Y D-m3mydeHMs
u3MeHeHue 1Beta coctaBuo ot 0,9 1o 2,12 AE. 31oT dakT, BEpOATHO, CBSA3aH C OKVMC/IUTEIbHO-
BOCCTaHOBUTE/IbHBIMU IIpOLjeCCaMyl B MUTMeHTe 1of, felictBueM Y D-usnydennus. [lpuuem pna
HOKPBITIII, BBINOJIHEHHBIX B pasbene (C OKCUIOM LMHKA), OT/INYME OTTEHKOB BUITHO
HEBOOPY>XEHHBIM I/Na30M. 3JeChb TaKXKe OTMedyaeTcs CHIDKeHMe 3HAaueHMSA CBeTIOThI Ipu
Y®-06mydeHny, 9TO TaKXe MOXET OBITh CBA3aHO C BBICOKOI (POTOAKTMBHOCTHIO OKCY/IA LIMHKA
¥ €TI0 XOPOIlleil CTOCOOHOCTBIO normomaTh Y O-my4un.

[TonyyeHHbIe 0Opas3Ibl MaTHUTHBIX NMATMEHTOB OBUIM BBEJEHBI B SIOKCUIHYIO CMOIY
91-20. B xayecTBe OTBEpPAUTENA MCIIONb30BAJICS MONMITUIEHIIONNAMKH. VI3 HalOMHEHHBIX
SMOKCU/THBIX KOMIIO3UIMI 6bUM CPOPMIUPOBAHBI IIOKPBITHS C COiep>KaHMueM nmurMenTa 7,14 %
Macc. U U3Y4eHbI X CBOVICTBA.

[TpoTHBOKOPPO3MOHHBIE CBOVICTBA HAIIO/THEHHBIX STIOKCUIHBIX TOKPBITHII OL[€HUBAIN C
noMoupo uMmrnenancomerpuy [10]. Pe3ynpraThl m3MepeHus 3HaYeHUsA MMIIEfJaHCA
SMOKCUAHBIX MOKPHITUIL, copepxamux Y>KOII, npencraBiens! Ha puc. 2.

3 [1-20

-o—YKO0MN 1

—@— 430N 2

Y¥on 3

Yon 4

—@—4HOMN 5
—o—"Y}KO0MN 6

—e—YXon7z

0 1 2 3 4 5 6 7 8
Bpems, cyTok

Puc. 2. VI3MeHeHMe 3HaUeHN I MMIIe[JaHCA IIPY BbIfIep>KKe IIOKPBITUIL B pacTBOpe 3/1eKTPOINTa Ipy yacToTe 56 I'.

Kak cnenyer 13 JaHHBIX, Ipe/ICTaB/IEHHBIX HAa PUC. 2, TOKpHITKA, HanonHeHHble YK OII,
o65agaoT 6ojiee BBHICOKVIMM 3AIUTHBIMU CBOJICTBaMM B HAYaJIbHBIII MOMEHT BPEMEHU IIO
CPaBHEHUIO C IAKOBBIM NOKpbITHeM J]I-20. OpHako, 1A noKpbITuii, HanonHeHHbIX YWKOII 4
u WKOII 2, HabmogaeTcst CHMKEHNUe MPOTMBOKOPPO3MOHHBIX CBOJICTB y)Ke IOCIIe IePBbIX
CYTOK 9KCIIO3MIIMM B pacTBOpe xaopupa Hatpus. Ilocie Tpex cyTOK sKCHO3UIIMM 3HA4YEeHMe
VIMIIE[JAHCa Y>Ke IpaKTudeckn He MeHAercA. [lokpeitua, HanonHenHble YOKOII 1, YKOII 3,
PKOII 5, YKOII 6, YKOII 7, cOXpaHAT HaYaldbHBI YPOBEHb NPOTMBOKOPPO3MOHHOM
3aLIUTHI IO TPeX CYTOK sKcnosuuuy, Ho nokpbitua ¢ YKOII 5, YKOII 7 nocne Tpex cyrok
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SKCIIO3MIMM B pacTBOpe 3/MEeKTPOIUTa CHIDKAIOT 3aliuTHble cBoiictBa. [lokpbiTus,
HanonHeHHble PKOIT 1, YWOKOIT 3, YWKOII 6, coxpaHAIOT 3aljUTHBIE CBOJCTBA Ha
IPOTSDKEHNN BCETO Meproja HabmoieH Uil

PesynbraThl mccnefoBaHMA BAMAHMA MAarHUTHOM IPOHMIIAEMOCTY Ha TBEPHOCTDb
MOKPBITYA IpefCTaB/IeHbl Ha puc. 3.

0,85
=
0,8
0,75
0,7
p=-2,0527H% + 21,255H? - 73,292H + 84,928
0,65 R?=10,9549

0,6

3 3.1 3,2 33 3.4 3,5 3,6 3,7 3.8 3.9

L

Puc. 3. 3aBuUcuMocCTb TBEPAOCTU HOKprTI/IIU/I OT OTHOCUTEIbHOV MarHUTHO IIPpOHNIJAEMOCTN.

Kak BUIHO Ha PpucC. 3 3aBUCUMOCTD TBEPAOCTN OT MarHUTHON IIPOHNIAEMOCTU
OUTMEHTOB C OTANYHON HAOCTOBEPHOCTDBIO OIIMICPIBAETCS YPABHECHIIEM:

p=-2,0527H? + 21,255H? - 73,292H + 84,928.

Hab6mogaercs yBenmyeHue 3Ha4eHMsI TBEPAOCTY STTOKCUIHBIX HOKPBITHI C YBeTMYEeHIEM
OTHOCUTE/IbHOV MarHuTHOM nponunaemoct YKOII. bonpuias MaruuTHasA NpOHULIAEMOCTb,
BEPOATHO, NPUBOJAUT K MATHUTHO arIOMEPAaLy 9acTuLl. B onTuMyme aHusopmamMmeTpmyecKme
YaCTUIIBI MarHeTUTa OPMEHTUPYIOTCA 110 CUJIOBBIM IOJISIM MarHUTHOTO IO (B TOM 4MCIe U
3eMyIn), YTO HOBBIIIAET VIX ApMUPYIOLIYI0 CIIOCOOHOCTD.

C menpio M3y4eHMs] COBMECTUMOCTHM nonydeHHbIX o6pasnoB UKOII ¢ HemonsapHbIMK
cpemamy (pacTBOpUTENM ¥ IUIEHKOOOpasoBarenyu) ObIIM IPOBefieHbl MUKPOCKOINMYECKIEe
uccnenoBanys. IlokasaHo, YTO B HEMOJIAPHON cpefie KCutona (puc. 4) 4acTUIbl IUTMEHTOB,
IIO/lyYE€HHBIX TIPU COJEPXKaHMM BOCCTAaHOBUTENA B PpeaKUMOHHON Macce [no 32%,
pacIpeqensTCcs paBHOMEPHO, pasMep arJioMepaToB B 001ieil Macce He mpeBbInaeT 20 MKM,
KOJIMYECTBO KPYIHBIX aIJioMepaToB He Benuko. IIpu moBbleHMyu  copeprKaHmuA
BOCCTAaHOBUTE/IA IIPY HONYy4eHUM IMIMEHTOB [0 35% HaOmogaeTcss HeCOBMECTVIMOCTDb
IIOTyYeHHBIX IUTMEHTOB C KCWIOJIOM: BCE€ YacTUIBI COOpaHbl B KPYIIHBbIE arloMeparsl.
JlanpHerilee yBelIMYeHME CONEPKAHMA OKUCINTENA CKas3bIBAE€TCA IIOJIOKUTEIBHO Ha
COBMECTVMMOCTY IOTY4EHHBIX IUTMEHTOB B HENOJIAPHbIE Cpefibl: YacTuLbl MurMeHToB YIKOIIT
1 u WKOII 2 o6pas3yoT paBHOMEpHBIE arjoMepaThl pasMepoM 15-50 MKM, KpYIIHbIE
arJ0MepaThl OTCYTCTBYIOT.
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y a) .)
1)

Puc. 4. Muxpodotorpaduu cycrensuit murMeHToB B kcynorte: a) YKOII 1, 6) WKOII 2, B) YWKOII 3, r) YWKOII 4,
1) WKOII 5, e) YXKOII 6, 5x) YXKOII 7. Pasmep stueex cetku 30x30 MKM.

.) )
e) .K)

[Tpy noBbIIeHNY TONIAPHOCTY AUCIIEPCYOHHON Cpenbl (3MOKCUAHBIN onuroMep I]1-20)
HabmofjaeTcst 60ee paBHOMEpPHOe pacIipefieNieHNe YacTUL| MUTMEeHTOB (puc. 5).

a) 0) .) P
xI) .CJ .K)

Puc. 5. Muxpodororpaduu murMeHTPOBAaHHbIX crcTeM Ha ocHoBe J]I-20, coneprkamux: a) DKOII 1, 6) WKOIT 2,
B) YWXKOII 3, r) WKOII 4, i) YXKOII 5, e) WKOII 6, xx) YWKOII 7. Pasmep siueek ceTkn 30x30 MKM.

Kak BugHo wn3 Mukpodororpadmuit HANOTHEHHBIX CUCTEM, [ IIMOKCUIHOI
komnosunuu, HanonHeHHoit WKOIL 1 u YWKOII 3, nabnomaercss Hanbonee paBHOMEPHOE
pacmpepeneHye YacTUL MUTMEHTa B CCTeMe, YTO 0O'bACHAET JTy4llyie IPOTUBOKOPPO3VIOHHbIE
CBOJICTBA /1A TOKPBITUIL, CPOPMIPOBAHHBIX U3 JAHHBIX CUCTeM. [I/Is OCTalbHBIX KOMITO3UINI
HaOJII0faeTcsl IPUCYTCTBME aIJIOMEpPAaTOB YacTMI[ INUTMEHTAa, OCOOEHHO JUIA CUCTEM,
copepxamux YKOIT 2 n YKOII 4.

Taknm o6paszom, B pe3y/ibTaTe IpOBEIEHHbIX MICC/IETOBAHMIL:

1) CuHTe3upoBaHa Cepysi MarHUTHBIX >KeJIe300KCUIHBIX NUTMEHTOB YEPHOTO IIBETa.
IToxasaHa BO3MO>XHOCTb yIIpaB/IeHNA LIBETOBBIMM XapaKTEPUCTUKAMU 33 CYET BapbUPOBaHMA
KOJINYECTBA BOCCTAHOBUTETIA.
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2) ITokasaHo, YTO CHUHTE3MpPOBAHHbIE HUIMEHTHI II0 TEXHUYECKMM CBOJICTBAM He
YCTYHAIOT TPaAVIVIOHHBIM >Ke/Ie300KCUIHBIM ITUTMEHTaM.

3) YcTaHOB/IEHO BIMSAHME MAarHUTHOJ IPOHMUIIAEMOCTY YEPHOTO >Ke/Ie300KCHUIHOTO
IUTMEHTa Ha TBEPAOCTb CPOPMUPOBAHHOTO MTOKPHITUS Ha OCHOBE SMOKCUIHOTO OJIUTOMEpa.

4) BbisAB/IEHO, 4YTO MaTepyMaq He CMa4MBAeTCs IOMAPHBIMU OSKUAKOCTAMU. ITO
HOYepKVBAaeT BaKHOCTb KOpPpeKTHOro Bbibopa ITAB u HeoOXOAMMOCTb [JabHENIIEro
U3y4eHUs: IPOOIEMBIL.
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KMHETUKA I CTEXMOMETPUYECKIN MEXAHI3M PEAKIII
B3AVIMOJIEVICTBUA XJIOPUIOA HUKEJIA C IUTUOHUTOM HATPUA
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OI'BOY BO «JIBaHOBCKIIT TOCYAAPCTBEHHDIN XMMIKO-TEXHOTOTMYECKMIT yHUBepcuTeT», 153000, Poccus, r. VBaHOoBO,
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Kntouesvie cnosa: Annomauus. Viccnedosana KuHemuka peakuyuu 83aumoleiicmeust xnopuoa
MEXAHUZM XUMU1ECKOT HUKensl ¢ OUMUOHUMOM HAMPUS 6 600HOM pacmeope, npomexaroujeil c
peaxyuu, modenuposarue  00pA306aHUEM MEMANTUMECKO20 HUKENA 34 CHerm B0CCHAHO8/IEHUS KAMUOHOS
KUHemuKuy, KOHCMAaHma Huxkens. O6HAPYHeHO, 4o NAPANIENIbHO ¢ 0CHOB8HOL crmadueli npolyecca umerm
cKOpOCHIU, OUMUOHUIH, Mecmo peakyuu pasnoxeHus OUMUOHUMA HAMPUS ¢ 06pa306aHUEM 6 KauecHge
HUKenb KOHeUHbIX NPOOYKMOo8 cymvduma, muocynvpama u cynoguoa. Ha ocnosarnuu

ananusa — OdHHbIX — JKCHepumeHma u  numepamypol npeonosen

cmexuomempuueckuii  mexanusm npovecca. C  ucnonv3osanuem memooa
MAMEMAMU1ECK020 MOOEAUPOBAHUS PeuteHd 00pamHuasi KuHemuveckdas 3a0a4a
no onpedeneHur0 KOHCMAHM CKOPOCMU OMOeNvHbIX Ccmaduti  Nnpouecca.
Cpasnerue IKCNEPUMEHNATLHBIX U PACHEMHBIX KUHEMUYECKUX 3A8UCUMOCIEl]
1036071U7I0 COENAMDb 8bI600 06 A0EK8AMHOCU NPEOTIOHEHHOT MAEMAMU1EecKOL
MOOenu IKCNEPUMEHNANLHBIM OAHHBIM.

Jna puTupoBanms:

ITonenos 10.B., EropoBa E.B. Kunernka u crexmoMeTpudecknii MeXaH!3M peaKIuy B3aUMOJeIICTBM XI0puaa
HUKeIA C OUTMOHMTOM HaTpusa // OT XuMum K TexHojormu mar 3a marom. 2025. T. 6, Bemm. 3. C. 75-82.
URL: https://chemintech.ru/ru/nauka/issue/6423/view

BBenenue

IIpoBefeHMe MPOIECCOB XMMIYECKOTO BOCCTAHOBJICHN COJIe)l META/UIOB 3 PACTBOPOB
C Lelbl0 TONYyYeHMS MeTAUIMYeCKMX IIOKPBITMII Ha pasIMYHOTO poja MaTepuasnax,
MeTa/UINYeCKUX IIOPOIIKOB U HAHOIUIEHOK TPeOYIOT HeTATbHOTO 3HAHMA MeXaHM3Ma I
KMHETUKM IPOTEKAIOIMX IpY 9TOM XMMMYECKUX INpeBpaiieHuit. OgHUM U3 TPagULMIOHHO
UCTIO/Ib3YEeMBIX BOCCTAHOBUTEIbHBIX areHTOB M/ 3TUX Iiefieil ABIAeTCA NUTUOHMUT HATPuUA,
Na;$;0; (TexHuueckoe Ha3BaHMe — TUAPOCYIbPUT HaTpusA). lIpemmyiiecTBOM HaHHOTO
COENVHEHN ABJIAETCA TO, YTO 3TO IPOAYKT KPYITHOTOHHAKHOI XVIMUY, OH VIMeeT HeOOIbIIYIO
CTOMMOCTb U oObecIiedyBaeT BBICOKYI0 CKOPOCTb BOCCTAHOBJIEHVIS JaXKe IIpM KOMHATHOI
Temmepatype [1]. Beicokoe oTpuiiaTepbHOE 3HaUeHNE pPefOKC-TTOTEHIaIa JUTHOHNTA HaTPUS
M03BOJIIeT BOCCTAaHAB/INBATb IIMPOKMIL CIEKTP KaTMOHOB META/IOB I X KOMIUIEKCHBIX COMIeN
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[2-4], a TakKe pa3MMYHBIX OpraHmMYeckux coepuHenmit [5-8]. K HemocraTkam Heo6X0AMMO
OTHECTY €T0 HeyCTONYMBOCTb, 0COOEHHO B BOJHBIX PaCTBOPaX.

Panee Hamu ObUIM M3y4eHBI 3aKOHOMEPHOCTM pPeaKLMM B3aMMOJEVCTBUA JUTHOHNUTA
HaTpMs C KaTMOHaMy HUKeNIs B YC/IOBMAX MeTa/yM3anuy BonokHa HuTpoH (pH 4,00,
temnepatypa 303 K) [9]. YcTaHOBIEHO, YTO HapAmy ¢ MeTa/UIMYECKUM HUKe/IeM B KayecTBe
OJJHOTO U3 ITOOOYHBIX IMPOAYKTOB peakiuyu obpasyercs cynboup Hukens. [Ipudem paxe npu
M30bITKE JUTVOHNTA HATPYA IIOTTHOTO BOCCTAHOB/ICHN A KaTMOHOB HUKEJIA IOCTIYD He yAaeTcs,
YTO CBA3aHO C Ha/IN4MeM IIapa/UIe/IbHOTO IIPOIlecca pasjoXKeHMs BoccTaHoBmTensd. Ha
OCHOBAHIM KMHETUYEeCKUX JJAHHBIX IpeJ/IoKeHa cXeMa IIpoljecca, BK/IIYaolas MapIIPYThl
y4acTueM B KauyeCTBe BOCCTAHOBUTE/IbHBIX areHTOB aHMOHOB MUTHOHMTA S, 02~ U pajmKana
muokcuma cepbl SO5 . YCTaHOBJIEHO, YTO C TOBBINIEHMEM TeMIIepaTyphl BK/Iaji MapUIPyTa C
y4acTueM IOCTefHero Bo3pacTaeT. C MCHONIb30BaHMEM MeTOAa KBa3MCTAallMOHAPHBIX
IpUOIVDKEHNI TOJTy9eHO YpaBHEHNe CKOPOCTH PeaKI[Uy 10 KOHI[eHTPalyy KATMOHOB HUKeJIA.

OpHako NpeIo>KeHHBI B YKa3aHHOM paboTe CTeXMOMETPUYeCKUII MEXaHU3M, a TaKxkKe
KVHETUYEeCKOe OIIVICaHNe B paMKaX MOZE/V KBa3UCTAI[VIOHAPHBIX IIPUOIVDKEHNI IIPeCTaB/IAeTCS
HeJJOCTaTOYHBIM J|IsI TIOJIHOTO KO/IMYEeCTBEHHOTO y4eTa BCeX CTaiuii JaHHOW peaknum. Tak,
HaIlpyMep, He YYTEeHBI T0OOYHbIe peaKLuy, CBA3aHHbIE C PAa3/IOXKEeHNEeM OMTUOHUTA HATPUA,
HeCMOTpS Ha TO YTO B JIMTEpAType MMEIOTCS CBEJEHNUA O XMMM3Me NaHHOTO IIpoliecca Ipu
Pa3/MYHBIX BHEIIHNX YCIOBYAX (TeMIlepaType, KucmotHocTu cpeppl) [1, 10]. ITpencraBienHoe
KMHETMYeCKoe OIVICaHMe IIPoliecca B paMKax KBasyUCTAlMIOHAPHOTO MPYO/IVKEHNS TO3BOJISIET
paccumMTaTh yOBUIb KOHIIEHTpPAIVM HMKEISA B 3aBVCUMOCTU OT BpPeMEHU, HO He IO3BOJIAET
BBIIIOJIHUTD ~ pacyeTbl KOHIEHTpPALUMil [APYTMX YYaCTHMKOB peakIuy: [JUTVOHUTA,
MeTaJUINYeCKOTO HUKEIA, CYIbPUa HUKeIIs, IPOAYKTOB PA3I0O>KeHN IUTHOHNUTA.

Ilenpro Hacrosmieit pabGoOTBI ABJAETCA IONTHOE KMHETWYECKOe OIVCAaHVe PpeaKLuu
B3aJIMOJIVICTBIA XJIOPY/IAa HUKE/IA C AUTUOHUTOM HATPUS B BOJHOM PacTBOpE.

OcHOBHaA 4acTh

B pabote ncnonpszosamu xnopup Hukens NiCl,-6H,O xBanmudukamym XU TOCT 4038-79
(Poccus), murtmonut Hatpus Na,S;0, mapku Y npomsBopctBa ALBITESRL» (Mramms) c
cojiep>KaHMeM OCHOBHOTO BelecTBa 89%.

Peakipuio MeXgy XIOpMZOM HUKeNs ¥ [JUTMOHUTOM HATpUsA IPOBOAWIM B
yHUBepcanbHOM 6ydepHOM pacTBope Pobuucona-bpurrona ¢ pH = 4.0 [11] u go6askoit KCl
(0.2 monb/n) mas mommep)KaHWs TOCTOSHHOW MOHHON Cuibl. IlpegBapuTesibHbIEe OIBITHI
IIOKa3aay, YTO TNPUCYTCTBME KUCIOPOZA BO3AyXa IPAKTUYECKM He BIMseT Ha IIyOMHY U
CKOPOCTb IPOTEKaHMsI IPOLiecca BOCCTAHOB/IEHMs, IO9TOMY MCCIEOBaHNA IIPOBOAMINACH B
BO3AYILIHON aTMocdepe. [I/s1 OTydeHrsi KMHETMYECKMUX KPUBBIX MPUMEHSIIN METOJ, «CPE30B
o BpeMmeHu». [OTOBWIN cepuio pabo4MX PacTBOPOB C OJHMMM ¥ TeMU >K€ HadyaJbHBIMU
KOHLIEHTpaMsMU B IpobuMpkax ob6beMoM 10 M IyTeM CMelIeHMs PaBHBIX OOBEMOB
PacTBOPOB OKMCINTEISI M BOCCTAHOBUTE/A. Uepes3 OIpele/eHHble NPOMEXYTKM BpEeMEHU
peakIuio OCTaHaBAMBaMK IyTeM pobasneHms 1 mn 36%-ro pacrBopa Qopmanbperuja u
OIIpefie/IsI KOHIIEHTPALMIO PeareHTOB ¥ NMPOAYKTOB B PEaKIL[MOHHON cucreMe. Pe3ynbTaThl
TUTPOBAHMsI OTHOCWIM K MOMEHTY BBefleHMs (OpMajbJernzia, Tak Kak 3a BpeMs aHamusa
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obpasyrommiicss npu B3anmogesictsuy CH,O u Na,S,0, rugpokcumerancyibuHaT HaTpUs
MPaKTUYeCK! He pas3jlaraeTcs B YCIOBUAX IIPOBeleHUs 9KcIlepyMeHTa. KoHIleHTpauyio MOHOB
HUKeJIA OIpefie/II MEeTOIOM KOMIUIEKCOHOMeTpudecKoro tutposanus [12]. Onpenenenne
KOHIIEHTpAaLUy AWTMOHMUTA IIPOBOAVIIN MOJOMETPUYECKM IO M3BECTHON Meronuke [13].
O6pasyromumiics B Ipoliecce BOCCTAHOBIICHMS 0Ca[JOK, COIeP>KaINil MeTa//INYeCKIIT HUKeTb U
cynbu HUKe, TOcyIe LeHTpudyrMpoBaHus OTAEMAIN OT pacTBopa u cymm. CopeprxaHie
cynbdraa HUKeA ONpefe/LAIN MOfOMETPIYECKIM METOJOM IIOC/Ie PAaCTBOPEHMs ocajika B 2N
cornsHoit Kucnote [12]. KonmndectBo 06pa3oBaBIerocsi MeTa/UINYEeCKOTO HYKeIsI HaXORMIN 13
MaTepuanbHOTO OaraHca.

Bce onbIThI MpoBOAYIIY ITPY TOCTOSTHHOM TemiiepaTtype 30310,1 K. Beibop Temneparypsr
ombITa 0OYC/IOB/IEH TeM, 4TO Ipy Oojlee HM3KUX TeMIIepaTypax CKOPOCTb BOCCTAHOBIICHMS
JIOHOB HUKe/s [0 MeTa/la HeBeMKa, a Mpy 0Oojiee BBHICOKMX HabOIOfaeTcss oOpasoBaHMe
60IbIINX KOMMYeCTB Cynbduia HuKesA. HauanbHbli 130bITOK BOCCTAHOBUTE/IA 110 CPAaBHEHNIO
C KO/IMYeCTBOM X/IOpU/ia HUKEISI HeOOXOMUIM JJIA TOTO, YTOOBI PeaKIyisl IIPOXOyIa C 3aMeTHOM
ckopoctbio. Ber6op pH pactBopa 00ycnoBiieH TeM, 4To Ipy 6ONBIINX €r0 3HAYEHVAX XJIOPIT,
HYIKeJIS TUIPOIN3yeTcs ¢ 00pa3oBaHMeM TUAPOKCHAA, a NPV MEHBIINX — BeMKa CKOPOCThb
PpasIoXKeHNA JUTUOHUTA HATPUA.

Ha puc. 1 mpuBesieHbl 3aBMCMMOCTM KOHIIEHTpalWii AUTHOHUTA HATpUs, KaTMOHOB
HUKe/IA U Cy/b(UAa HUKETIA OT BpeMeH! ITPOTeKaHMs PeaKIINIL.

VI3 sKcrepUMeHTATbHBIX JAHHBIX C/IefyeT, YTO YOBUIb KOHIIEHTpPAaLMM [JUTVOHUTA
3HAYUTEIbHO IIPEBBIINIAET KOAMYECTBO IIPOpPEarMpoBaBLIETO X/IOpHUfAa HUKENA, TO €CTb
6onblnass 4YacTb BOCCTAHOBUTENA PACXOAYeTCS HENPOM3BOAUTENIBHO, YTO HEOOXOAVMO
KO/IMYECTBEHHO YYUTBIBaTb HE TOJNBKO B JAHHOM Cly4ae, HO M B JPYTUX IpoOIeccax C
VICTIOTb30BaHMEM AUTUOHNTA HATPUSL.

0,5
04-
0,3
02}

KoHueHTpauus, Monb/n

Bpems, MUH

Puc. 1. Vi3ameHeHne KOHLeHTpaLuii auTyoHuTa (1,2), kaTnoHoB HuKens (3,4), cynbdupna Hukens (5,6) BO BpeMeHM.
YepHble KMHETUYECKIIe KPUBBIE C TOYKAMU — SKCIIEPUMEHT, KPaCHbIE CIIOIIHbIE — pacyer.

Kak OBIIO IIOKa3aHO BO BBC€OCHUN, B pacTBOpax OUTNOHNUTA HaTpud
BOCCTaHOBUTEIbHBIMU JaCTULIaMN HapANYy ¢ aHMOHAMI JUTMOHUTA SZ 04?_ ABIAIOTCA aHMOH-
PpafnKaabl ONOKCHOa CEphI, O6Pa3YIOH.U/I€CH 110 O6paTI/IMOI71 peaKuun
AUCIPONIOPUNOHMPOBAHNA:

5,0}~ < 2505 1)
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OpHako 41CIoBBle 3HAYEHNMST KOHCTAHTBI paBHOBecHs peakimu (1), KoTopble IpUBOAATCS
B JIUTEepaType, HaxofATcs B mHTepBane oT 0,51-10° mons/n [14] mo 3,80-10° monb/n [15].
JlaHHbIe 3HAYEH VS TIOKA3BIBAIOT, YTO KOHIIEHTPAIVS aHNOH-PAINKAIOB B PACTBOPE JUTHOHNUTA
HIYTO)XHO Majia, [I09TOMY KATMOHBI HMKeNs BOCCTAHABIMBAIOTCA IO  MeTajUia
IPEVMYIIIECTBEHHO 32 CYeT JUTUOHUT-VOHOB 110 PeaKIIVIL:

k
Ni?* 4+ 5,02~ 5 Ni + 250, @

HeoOxoqumMo OoTMETHTH, UTO cTanus (2) HE SBISETCS SIEMEHTAPHOW U OTHOCUTCS K
CTEXMOMETPUYECKOMY MEXaHM3My peakiuu. B dYacTHOCTH, Kak ykazaHo B pabdore [9],
o0Opa3oBaHNE HUKEIIS MTPOUCXOIUT 32 CUET MOCIEeIOBATEILHBIX PEAKITHii:

Ni%* 4+ 5,02~ > Ni* + S,0; 3)
Nit + S,02 - Ni + S,0; )

Ho, mOCKONbKYy WMOHBI HU3IIell BaJT€HTHOCTM OO0/IAJal0T BBICOKOI PeaKIVIOHHON
CIIOCOOHOCTBIO, peakuys (4) IpoTekaeT HAMHOTO ObICTpee, 4eM peakuys (3), u, GopManbHO,
B3a/IMOJEVICTBIIE MOHOB HUKEJISI C JUTMOHUTOM MOXKHO ONMCATh YpaBHeHMeM (2).

3HauMTeNbHAs YOBUIb KOHL[EHTpaluy AUTHOHuTa (KpuBass 1, puc. 1) cBssaHa, B
OCHOBHOM, C €T0 pas/Io)KeH1eM, KOTOPOe B KMCTION Cpefie IIPOMCXOAUT I10 ABYM Iapa/lie/IbHbIM
mapupyram [10, 16, 17]:

k
25,02~ + H,0 = 2HSO3 + S,02~ ®)

k.
35,02~ + 4H* 3 S?~ + 550, + 2H,0 (6)

[Tpepmonaraercs, 4ro cragusa (5) sABMsAeTCA HEKAaTIUTMYECKOi, a cragmsa (6) —
KaTaIUTNYECKOI ¥ YCKOpseTCA 3a C4YeT TaK Ha3bIBAaeMOMl «aKTMBHON cepsl» [10],
00pasyloleiics Tpu PasioKeHUM TUOCYTbdaT-aHnoHOB S,03~. Vicrounukom cynbduma
HUKes (KpuBas 5, puc. 1) sABIseTCs peaKIys:

Ni%* + S~ 5 Nis, (7

KOTOPOJT IpefuIecTByeT cTagus (6), mpudeM ¢ 60JIbIION KO/l BEpOATHOCTY MOYXKHO IIO/IaraThb,
yro craguA (7) IpoTekaeT MIHOBEHHO, VM CKOPOCTb HAKOIUIGHMS Cynbpupa HUKeNd
VIMUTHPYETCS CKOPOCTBIO peakiuiu (6).

Ha ocHOBaHWM BBILIEN3TOXXEHHOTO, /I PelleHNs 0OpaTHOM KMHETUYeCKON 3ajadun —
IOMCKA KOHCTAHT CKOPOCTM OTHE/NbHBIX CTafuil M3y4yaeMOTro IIpollecca BOCCTaHOB/IEHNA
XI0pUAa HUKeNd AUTHOHUTOM HATPUSA IIO IIOMYYeHHBIM B SKCIEPUMEHTEe KUHETUIEeCKUM
3aBMCUMOCTSIM CTeXVOMeTpUYecKasi MOJie/ib COCTOsIa U3 craguii (2), (5), (6).

MareMaTi4ecKoi MOIe/IbIO ABJIANACH CUCTeMa A depeHIaTbHbIX ypaBHEHMIL:

dC i2+
—% = kyCpjz+ - Cszof‘ ®)
dCg ,2- . 3
—% = k1 Cyiz+ * Cso3- + 2kaCg po- + 3k3Cg - ®
dCN'
drl = kyCyp2+ - Cs, 02~ (10)
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o = KiCuiz+ - Cs03 + kaCg - + kaCy - (11)
dCy, p2-
2 _ 2
Tar el (2
dCNiS 3
dt = k3C5202— (13)

Konnentpauus SO, B ypaBHeHunu (11) Bkatoyana B cebsi CyMMapHYIO KOHIIEHTPAIIO
CynbUTHOI Ccepbl, BXOAAIEl B ypaBHeHMs peakuuit (2), (6) u (5), B mocnegHeil — B Bupie
aHnoHoB HSOs3 .

MareMaTndeckoe MOJeNMPOBaHME KWHETUKU MCCIeAyeMON peaKIuu IPOBOAWMIN C
VICTIONIb30BaHMEM TIPOTPAMMBI [UIsI YUC/IEHHOTO MOJI/IMPOBAHMS KUHETUKU CIIOXKHBIX
xumnaeckux peakinit KINET (A6pamenkoB A.B., kadenpa pusndeckoit xummy XMU4eCKOro
¢dakynprera MI'Y nmenu M.B. JlomoHocoBa). I/ TOMCKa ONTUMA/IbHBIX 3HAYEHUI KOHCTAHT
VICTIOTTb30BA/IN 9KCIIEPUMEHTAIbHBIE 3aBUCYMOCTY KOHLIEHTPALINIL AUTUOHNTA, IOHOB HUKEIA
u cynrbQuma HUKeTs OT BpeMeHU U CIefylollle 4YNCIOBble 3HAa4YeHMs HadaJbHBIX

KOHI[eHTpauuit peareHToB: C = 0,5 Mos1b/ 15 C?Vi“ = 0,01 Mosb/1; HavYanmbHBIE

0
$205~
KOHLIEHTpaLuy cynbpupa, Cyabpura, TMocynbdara, HUKeIs IPUHIMaNU paBHBIMI HYJTIO.

Heo6Xxony1Mo OTMETHUTD, YTO IMOMCK KOHCTAHT CKOPOCTY IIPU IIPOV3BOIBHO BHIOPAaHHBIX
HAYaJbHbIX IPUOVDKEHNMAX He YBEHYAICS YCIEeXOM, II09TOMY pellleHue OOpaTHOI
KMHETMYEeCKOl 3a/jauy IpOBOMWIM B fiBa 3Tama. Ha mepBoM mckmodmwmm crapuio (6) n3
CHCTEMBI U C YYETOM 9TOTO M3MEHMINM MacCUB KOHIIEHTPALVI IOHOB HVIKeJIs U JUTUOHMNTA.
V13 cucteMBbl ypaBHEHUIT CKOPOCTY UCKIIounnu ypasHenue (13), a B ypaBHenusax (9) n (11) -
nociegHue cnaraemble. HavanmpHbple mpubmmkeHnuss KoHcTaHT ki um k,  ouenwn
10 HaYa/IbHBIM y4aCTKaM OTKOPPEKTMPOBAHHBIX KMHETNYECKIX KPYUBBIX /11 IOHOB HUKETIs U
nuTHOHNTA. IT0MICK ONTVMA/TbHBIX 3HAYEHMI KOHCTAHT IPUBEN K CICAYIOUVIM pe3y/IbTaTaM:
k; = 0,308 11/(Mmonb-MuH); k; = 0,608 11/(Monb-MUH).

Ha BTOpOM 3Tame mpoBeny OILeHKY HadaJbHOTO NPYOMVDKEHNA KOHCTAaHTBI CKOPOCTH
cragyy (6). [IniA 9TOro MONMYyYWIM 3aBUCUMOCTb KOHIIEHTPALVM JUTMOHMTA OT BpPEMEHI,
VICKJTIOYaA /1 KaXXJJ0T0 MOMEHTA BpeMeH! KOHIIEHTPALMIO IUTHUOHNUTA, M3PACXOJOBAaHHOTO Ha
craguu (2) u (5), n o6paboTany ee B IpUOMVDKEHNN PeaKLUM 3-T0 MOPsAIKaA, KaK 3TO CIefyeT
U3 ypaBHeHUs (6), C y4€TOM TOTO, YTO KOHIIEHTpalMsi IOHOB BOJOpOja ObUIa IOCTOSHHOIL.
Hauanproe npubmmkenne cocraBuio ks = 3,36-102 12/ (Monp*MuH).

[Touck ONTMMAaNbHBIX 3HAYEHMII KOHCTAHT CKOPOCTM IIOC/IE PeLIeHVs] BCell CUCTeMbI
ypaBHeHmit (8) — (13) ¢ y4eTOM IO/Ty4eHHBIX HaYa/IbHBIX IPUOJIVDKEHNIT IIPYBETT K CTIeAYIOLIVIM
pesynbraram: k; = 1,00 n/(monb-muH); k, = 0,61 1/(Monb-MuH); ks = 0,05 1°/(Monb*-MuH).

Ha puc. 1 mpuBefeHbl pe3y/IbTaThl pacueTa KIMHETNIeCKNX 3aBYCUMOCTel (KpuBbIe 2, 4, 6)
JUIS1 HaliIeHHbIX ONITYMa/IbHBIX 3HAUE€HUIT KOHCTAHT CKOpOoCTH cTaguii (2), (5), (6) B cpaBHeHMN
C JAHHBIMU 9KCIIEPVMEHTA, a Ha PIC. 2 — pe3y/IbTaThl pacyeTa 3aBMCUMOCTE IS IPOAYKTOB
pas/o>KeHusA IUTMOHNUTA: Cynbdura (Kpusas 1) n tmocynbdara (xkpmsas 2). Taxoke Ha puc. 2
IpefiCTaB/IeHbl KMHETHYeCKMe 3aBUCHMOCTM A HMKENS, PacCUNTaHHbBIE IO pe3yabTaTaM
MopiemupoBanusA (KpuBasg 3) ¥ Ha OCHOBAaHUM NAaHHBIX 9KCIEPMMEHTA II0 MaTepUaTbHOMY
6amancy (kpuBas 4).
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Bpemsi, MuH

Puc. 2. Vismenenne koHueHTpauuii cynmbdura (1), Tnocynngara (2) u Hukens (3,4) Bo BpeMeHN. 3aBUCHMOCTHI
1, 2, 3 - pacuer o MmatemMatu4deckoit mogenu (8) — (13), 4 — pacyer 1o 9KCIEPUMEHTATbHBIM JJAHHbIM.

B wmenom, MOXHO 1O/1araTh, 4TO IIpEJ/IaraeMblil CTEXMOMETPUYECKMIT MEXaHMU3M
M3y4aeMoOM CJIOKHOJ peaKUuy, a TakKKe KUHETHYeCKasdA MOJENb aJeKBaTHO OMNNCBhIBAIOT
3KCIIEpMMEHTa/IbHbIe NaHHble. HeKoTopoe pacxoxkjeHue pacyeTHON KMHETUYECKON KPUBOM
mst NiS ¢ faHHBIMU SKCIEPUMEHTa MOXKHO, MO-BUAVIMOMY, OOBbACHUTD BBICKa3aHHBIM paHee
IIPeIIO/NI0KEHNEM O TOM, YTO cTaiuA (6) AB/AETCA aBTOKATAIMTUYECKON M ee IPOTeKaHMIO
IOJDKHA IIpefilecTBOBaTh cTajgus (5). B aToM cirydae Ha KpyBOJ 3aBUCHMOCTY KOHLIEHTPALIUN
cynbduia HMKeNA OT BpeMeHM JO/DKeH ObUI 6Bl HaOMoAaTbcsAd MHAYKLUVMOHHBIN IIEPUOZ.
OpHako, BBUAY JOCTATOYHO OOJIBIINX HAYaIbHBIX CKOPOCTEil 00eMX yKa3aHHBIX CTAfINIL, STOTO
He HaOmomaercss. MOXHO /MMIIb OTMETUTb, YTO Ha4yajabHas CKOPOCTb obpasoBanms NiS,
KOTOPYI0O MO>KHO OLIEHMTb II0 HAaKJIOHY KMHETMYecKoll KpuBoil 5 (puc. 1), MeHblle, yeM
HayaJbHasA CKOPOCTb IIO PAacYeTHON KpuBoit 6 (pmc. 1), 4TO, BO3MOXKHO, CBS3aHO C
aBTOKAaTa/lIN30M.

JlaHHbBIE, TIpefCTaBI€HHbIE HAa PpUC. 2, MOKa3bIBAIOT, YTO OCHOBHOE KOINYECTBO
BOCCTAaHOBUTE/IA — JUTVOHNTA HATPYS — B PeaKIMM pasjaraeTcs ¢ o6pasoBaHueM Cyl1bGuTa u
ToCynb(daTa, Ha 0Opa3oBaHMe META/UINIECKOTO HMUKeNs PACXOAyeTcss HeOOIbIlasi ero 4acTb.
Taxk, k 10-71 MMHyTe Ha 06pa3oBaHe HUKEISA U3PAcX00Banoch b 0,7% AUTHOHUTA OT €ro
obeit yobuIN.

B rtabmmue 1 mpepcraBieHbl 3HAYEHMs CTENeHM IPeBpAIleHNsA X/IOpWAAa HUKeNs B
META/NINYECKNII HUKENb B Pa3/IMYHble MOMEHTBl BpPEMEHM TIPOTEKAHMA PEaKLH,
BBIYJICJIEHHBIE II0 SKCIEPUMEHTA/IBHBIM (oxen M PACYETHBIM (pace FNAHHBIM. IIpuBemeHHbIe
Be/INMYVMHBI BBIYVC/ISUINCh KaK OTHOIIEHVE KOIMYecTBAa 00Pa3OBaBIIETOCS MeTa/UINYeCKOTO
HIKe/A K KONMYECTBY IIPOPEarnpoBaBILIEro MICXOJHOTO XIOPU/Ia HUKENA K JAHHOMY MOMEHTY

BpEMEHIL.

Ta61mua 1. Crenenn IIpe€BpalleHNA XJI0pyia HUKEIA B MeTa/IINYeCKII HUKETb B pa3nmMIHbl€ MOMEHTDI BpEMEHN.
®sken — BPIYVICIIEHO 10 9KCIIEPVIMEHTA/IbHBIM TaHHDBIM; Kpacy — BPIYVMICIIEHO 110 PACIETHBIM KMHETUYECKMIM KPVIBbIM.

Bpemsa, mun
1 2 3 4 5 7,5 10
Goxen 0,50 0,48 0,45 0,42 0,42 0,43 0,43
Cpacy 0,41 0,43 0,43 0,44 0,44 0,45 0,45
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V3 maHHBIX TaONMMIBI C/IeyeT, YTO B CpefHeM 44% X/Iopuja HUKeNA pacXomyeTcs Ha
00pa3oBaHye META/UINYECKOTO HYKe/IA, OCTa/IbHbIe 56% — Ha 0Opa3oBaHMe CylIb(ua HUKeA.
B menom, pacueTHble U SKCIIEpVMEHTA/IbHbIE JAHHBIE IPYMEPHO COBIIAJAIOT, 3a MICK/IIOYEHVEM
HAaya/IbHOTO TIepMOja peaklyy, YTO CBA3aHO C paHee OTMEYEHHBIM pa3lINuMeM B XOfe
KVMHeTWYeCKNX KPUBBIX I CYIbu/ia HUKEII.

BoeiBoabl

B pesynbTaTe ncciefoBaHus peaKiny B3ayMOAEIICTBIUSA XJIOPYAA HUKES C JUTUOHUTOM
HATpPUs YCTAaHOBJIEH ee CTEXMOMETPUYECKUIT MeXaHM3M, BKIIOYAOLINII CTafuy 06pasoBaHms
MEeTa/UINYeCKOTO HUKeNs U Cynbduaa HUKeNs, a Tak>Ke pasIoXKeHMs aHMOHOB JUTHOHNUTA C
obpasoBaHueM cynbdura, cynbpupa u Tmocynbdara. C MCIoNb30BaHNEM 9KCIIePYMEHTaIbHBIX
KMHETUYECKMX 3aBMCUMOCTEI [JIA MCXONHBIX PeareHTOB, a TaKXKe OJHOTO U3 IIPOAYKTOB
peakumu - cynbduia HUKeIS IIPOBEEHO MaTeMaTHyecKoe MOJEMMPOBaHME KWHETUKI
peaKIuy U BBIUMCIEHBI KOHCTAHTBI CKOPOCTY OTHENbHBIX CcTafuil. [lomydeHHble pe3y/nbTaThl
MOTYT OBITb MCIIO/Ib30BAHbI B IPAKTYKE IIPYMEHEHNs JUTNOHNUTA HATPUA B APYIUX PeaKIVIAX,
IPOTEKAMIIMX B BOSHBIX PaCTBOPAX.
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BIIMAHWE TEPMOOKHNC/TEHUA 1 HATPEBA 3JIEKTPOJHbBIX
KAMEHHOYTOJ/IbHBIX ITEKOB HA BbIXO/l KAPBOHM3ATA
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Kniouesvte cnosa: Annomauus. B Oanmnoti pabome noxazanvi pesynvmamvi N0  EAULHUIO
371eKMPOOHDILL Nek, mepmuueckoii 06pabomku anekmpooHozo nexa kamezopuu b (AO Espaz 3CMK)
6bICOKONNABKUTL NeK, Ha 6bix00 KapOoHusama. YcmaHoeneHo 6nusHue 006a60Kk  NPOOyKMos
mMepmMooKUCTIeHUE, BbIX00 MepMOOKUCTIEHUS 37eKmMpPoOH020 neka kamezopuu B (AO Anmaii-Kokc) Ha 6b1x00

Jlemy4ux éeujecms, 6v6ix00  KapoboHusama anekmpooHozo neka kamezopuu B. Onpedenervt 3asucumocmu

kapbonuzama 8bIX00A KAPOOHU3AMA OM MeMNepamypvl Hazpesa 37eKmpoOHo20 neKa
kamezopuu B. Onpedernero, umo esederue 6 nekmpooHuili nex xamezopuu b
000a60K 68 6Ude BbLICOKOMEMNEPAMYPHO20 U BbICOKONNABKO20 HeKA CHUNAem
8bIX00 TIEMYHUX BeULECTNE U YBenUHUBaen 6b1X00 KApOOHU3AMA.

1A BMTUPOBaHUA:

Kosanes P.IO., Huxutun A.Il. BiusaHMe TepMOOKUCTIEHNA U HarpeBa 37IEKTPOJHBIX KAMEHHOYTONbHBIX [IEKOB Ha
BbIXOf, KapboHmsata // OT xummym K TexHomormu mar 3a marom. 2025. T. 6, Bem. 3. C. 83-90.
URL: https://chemintech.ru/ru/nauka/issue/6423/view

BBenenue

KaMeHHOYTO/MbHDI IIeK SBJSETCA OCTATKOM IOC/Ie AUCTWULALVUM KaMeHHOYTOIbHO
cMonbl Ha ciepyomue ¢pakumn: nerkas ¢pakuusa (T < 170 °C); deHonpHas ¢paxiys
(T = 170-210 °C); nadrannuoBas ¢pakums (T = 210-230 °C); nornorutenpHas dpaxiys
(T =230-270 °C); autpauenosas ¢ppaxuys (T = 270-360 °C); ocTaTok (KaMEHHOYTOIbHBIII ITeK)
(T < 360 °C).

KaMeHHOYTO/MbHBII IIeK — MHOTOKOMITOHEHTHAsI CTPYKTYPa, COCTOSIIIAsE 13 OTIPeieleHHbIX
dbpaxuuit: y-ppakuys, pacTBOpUMas B reKcaHe M M300KTaHe; -dpakiys, HepacTBOpUMas B
reKcaHe, HO PacTBOpUMasi B TONyosle; A-PpaKiys, HepacCTBOPUMAas B TONIyO/Ie — IETUTCS Ha
PacTBOPUMYIO B XMHOMMHE o-PPaKIMIO M HEPACTBOPUMYIO B XMHOMHE oi-ppakuuio [1].
CorlacHO MCCIeOBaHMAM, INPOBEJEHHBIM B paboTax [2-4], ompeneneH cOCTaB JaHHBIX
dbpaxuuii:

e y-dbpakiysa COCTOUT M3 XpMU3eHa, INMpeHa, aHTpaleHa, HadrammHa, Kapbasona,
¢denanTpeHa, MeTHIHADTAINHA;

© P. 10. KoBases, A. I1. Hukurtun, 2025
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of-bpakumsa  cocroMT M3  CIEAYIOIMX  IONIMAPOMATHYECKUX  COeNVHEHMIL:
Oensola]anTpanen; 6eH3o[a|nmupen; uyuknonenralghijnepunen; puéenso[b,d]noden n 1.4.;

e a-ppakuys comepxut audennHokcup, aneHapTeH, 6eH3dyapaHTeH [4], TakKe B ee
cocTtaB BXOIST BICOKOMOteKy/sipable coeguueHust: CoHas CooHas; CoaHass CorHao [2].

OcHOBHOE TpUMEHEeH)e KaMEeHHOYTOJNbHBIX IIEKOB — CBA3yKOIee B IIPOM3BOJCTBE
57IEKTPOZIOB ¥ AaHOLHON Macchl [5]. [l momydeHus CBA3YOIErO B IIPOU3BOJICTBE KAaTOJOB B
QIIOMVMHJEBOJ ITPOMBILIUIEHHOCTY, COITIACHO [6-8], I TEeKOB IPOBOAAT TEPMUYECKYIO
00paboTKy s yBenuueHUs TeMmunepaTypbl pasmsardenus (T,), BbIxoma kapOoHmsara U
IIeKOBOro Kokca. Tepmmyeckas obpaborka meka ¢ T, = 110 °C npu remmeparype 260 °C B
TedeHue 4-5 cyTok npusoawia K pocty T, o 157 °C, KoTopblit ObUI CBsI3aH C POCTOM &-(PpaKiun
c 26,4 po 68,6%, m poctoM a-ppakumn ¢ 4,7 mo 5,6% [6]. IloBbimeHne TemImeparypsl
TepMm4eckoi 06paboTku ¢ 220 no 420 °C nmpuBOAWIO K YBeIMYEHMIO BBIX0AA KOoKca ¢ 47,21 1o
69,64% [7]. YBenuueHue TeMIiepaTypbl TepMudeckoit 0opaborku meka o 400 °C mpuBoanio K
YBE/IMYEHNIO BBIXOJa IOJYKOKCAa ¥ KapOOHM3aTa, a TaKXKe K IIOBBILICHWIO COJep)KaHWsA
a1-ppaKuyy B KOHEYHOM IIpopyKre [8].

B pab6ore [9, 10] 6o7ee feTanbHO UCCIEOBANIOCH BIUSHIE TEPMUYECKOT 00paboTKM Ha
cBoJicTBa IeKoB. [Texy TepMmdecky oO6pabaThIBay PV Pa3IMYHBIX TeMIIEpaTypax B TeUYEHIEe
HECKOJIBKVIX 4acOB. Y CTaHOBJIEHO, YTO POCT TeMIIepaTypbl pasMATrYeHNs I1eKOB 1, CBA3aH ¢
pocToM a-(pakuyy, 3Ha4eHMe KOTOpoil yBenmmumBanoch ¢ 30 mo 60% Ipy yBenMueHUN
MaKCMMAa/IbHOI TeMIlepaTypbl TepMmoobpabotku ¢ 360 o 390 °C (mmurenbHOCTD 3 vaca) [9].
B pabote [10] mokasaHo, uTto TepMmmyeckas obpaborka mpu 300 °C cpepmHeTeMIepaTypHBIX
57IEKTPOMIHBIX IIEKOB IPMBOJVT K yBE/INYEHMIO BBIXO/a IEKOBOTO KapOOHM3aTa ¥ yMEHbIIEHIIO
BBIXOJIa JIETY4MX BeIeCTB KaK JyIA KapOOHM3aTa, TaK I JJIA TIeKa.

B pab6ore [11] cpenHeTeMIlepaTypHbIe SJIEKTPOJHBIE IIeKU TepMMUYecKy 00pabaThIBaIn
npu 350 °C B TeyeHMe HECKONbKUX 4acoB. B pesynbraTe mpoucxomun poct T, 1 yMeHbllIeHMe
BbIXOfia /IeTy4nx BemjecTB X. [l neka kareropuu b poct T, mpoucxonun 6sicTpee 1 JOXOIVII
no 180 °C mo cpaBHeHmio c¢ mexkoMm Karteropum Bl [11]. IIpu Tepmoobpabotke cmecu
971eKTpofHbIX NeKoB Kak VIK, tak 1 CBY-usnydyeHneM nomaydany NpOAYKTHI C TeMIIEPaTypoil
pasmsryenns T, > 100 °C [12].

Hanbonbiee pyHmaMeHTanbHOE U IPUKIASHOE 3HAUEHYIE /L VICC/IEIOBAHNI ITPeiCTaBILAeT
IpVMeHeHVe TePMOOOPabOTKY IIEKOB B IIOTOKe BO3/yXa (TepMooKucieHne). TepMooKucieHne
(TO) pasmensercs Ha Hu3KoTeMmueparypHoe (mo 300 °C) m BBICOKOTeMIIEpaTypHOE
(Bbrmze 300 °C) [13-15]. [Tpu HuskoremneparypaoMm TO mpoucxopAT peakiyy B ra3oBoii ase:
y>a; [13-15], 49ro OBUIO TIOKAa3aHO OSKCIEpUMMEHTa/bHO B paborax [13-17]. Ilpu
BpICOKOTeMITepaTypHOM TO, KpoMme razodasHbIX peakiiyii, IPOUCXOMAT PeaKLnu B >KUAKOI
¢ase cnepyromero Tuma: y->p->a>a [13-16].

PaccMoTpyuM pesynbTaThl pabOT IO YCTAaHOBJIEHUIO BIVSAHUA TEPMOOKVCIEHVS Ha
M3MEHEeHMsI XapaKTepUCTHK IIEKOB ¥ Ha BBIXOJ] IIEKOBBIX KapOoHM3aToB. B padote [18] monyden
BpicoKoTemmepaTypHbiii mek (T, = 150 °C) myrem TO npu T = 260-380 °C B TeyeHme 35 MUHYT
(cxopocTb oToKa Bosmyxa 100 11/4 (400 n1/kr*uac)) anekrpogHoro neka kareropy B (T, = 91 °C).
B pa6orte [19] ycTanoBneHo, uro TO cpenHeTeMIIepaTypHOTO 37IeKTPOHOTO neka rmpu T > 400 °C
YBe/IMYMBAJIO BBIXOZ KapOOHM3aTa M YMEHBIIA/IO BHIXOJ JIETYYUX BElljeCTB KaK JJIA [1eKa, TaK U
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Uit KapOoHy3aTa. AHajmorn4Hblil a¢dexT Habmogancsa u npu TO KaMEeHHOYTOIBHON CMOJIBI B
pabote [20]. B pabore [20] kaMeHHOYTONbHYIO CMOJY TepMOOKucsimu ot 260 go 360 °C, B
pesy/bTaTe yero 61 oymydeH 1ek ¢ T, = 128 °C, a Taxoke ycTaHOB/IEHO, yTo TO CHIDKaeT BBIXOJ,
JIETY4UX BEIIeCTB B IIEKOBOM KapOOHM3aTe II0 CPAaBHEHMIO C BBIXOIOM JIETYy4YNMX BeIeCcTB
IIeKOBOTO KapOOHM3aTa 13 IeKa, HOTy4eHHOTO JUCTWIALE) KAMEHHOYTO/IbHO CMOJIBI.

Oco0bli1 MHTEpeC IpefcTaBsieT uccnefoBanue coderanns TO 1 TepMo0OpPabOTKY HeKa.
B pabore [21] ek ¢ T, = 114 °C nonyden myrem TO nmpu T = 260-320 °C meka xareropuu B,
(ncmonb30BazIcA TAaKOM >Ke MICXOMHBII ITeK Kak 1 B pabote [18]), mamee mponcxonmn Harpes B
cpene cobcTBeHHBIX Ta30B 10 T = 410 °C B TeueHne 28 muH. BoicokormaBkuit ek ¢ T, = 202 °C
nomyyamy myteM TO npu T = 260-320 °C (ncnonb3oBancs ek B, kak u B pabote [18]) B Teuenne
32 MMH €O CKOPOCTBIO pacxofia Bo3gyxa 100 1/4, fanee mpousBoguica Harpes oT 320 go 400 °C
B TeueHue 43 muH, Bpifepkka mpu T = 400 °C B teuenne 40 myuH u TO (ckopocTh pacxopa
Bo3zyxa 40 n/4) ot 400 1o 430 °C B Teuenue 50 muH [21].

CrefyeT paccCMOTpeTb IEpCIIEKTVBBI BBE[IeHUs B 9/IEKTPOJHBIN IeK J0OaBOK B B
BBICOKOTEMIIEPATYPHOTO ¥ BBICOKOIUIABKOTO IIeKa Ha BBIXOJ, KapOOHM3aTOB C IIE/IbIO
YCTaHOB/IEHNSI WX BIMSAHNA HA IIOBBIIIEH)ME KOKCYIOIIUX CBOJCTB IIEKOB CBSA3YIONIVX.
[ns ycoBeplIeHCTBOBAaHMA XapaKTEPUCTUK OTIEKTPOJAHBIX IIE€KOB ClleflyeT PacCMOTPeThb
BIMSHNE HarpeBa NPV PA3IMYHBIX TeMIIepaTypax Ha BBIXOZ KapOoHM3aTa. YCTaHOBJIEHNE
BIVMSAHNA HarpeBa IleKa Ha BBIXOZ KapOOHM3aTa MAéT NMepCHeKTVBY IPUMEHEHUA NAHHOTO
MeTO/Ia J/1 IOBbIIIEHNA KOKCYIOLMX CBOJICTB I1€KOB CBA3YIOLINUX.

ITenu paGoThI: yCTaHOBUTH BIMAHNE JOOABOK B BUJie 97IEKTPOJHOTO IIeKa KaTeropuu B u
IPOAYKTOB €r0 TePMOOKIVC/IEH)sI Ha BBIXOZ, KapOOHM3aTa 3/1eKTPOJHOrO Ieka Kareropuu b,
OIIpefie/IUTDb BIIVsAHNE HarpeBa 9/IeKTPOSHOTO IeKa Kateropuu b 1 B Ha BbIxoy kapOoHM3aTa.

IJKcnepuMeHTalbHas 9acTh

B kayecTBe MCXOHBIX 00pa31IOB UCIIONIB30BA/IN ANIEKTPOAHBIN 1ek Kateropuu b ¢ T, = 71,5 °C
(momy4yennsii Ha AO «EBpas 3CMK») u anexrpopHbiil mek kateropuu B ¢ T, = 91 °C
(momy4enHsiit Ha AO «Anrait-Koke»). [lanHbIe 110 T, 1 ppaKIIOHHOMY COCTaBY IIpefiCTaB/IeHbI

B TaOmuue 1.

Ta6muua 1. Xapakrepuctuku GpakOHHOTO COCTaBa STIEKTPOSHBIX IIEKOB Kateropuit b u B.

HaumenoBanue nek b nek B
Ty, °C 71 91
P> % 28,0 29,0
B, % 39,8 34,5
a, % 32,2 36,5
a1, % 10,3 7,5

Taxke B pabore wucnonb3oBamuch mnpopykTel TO  amekrpopgHoro meka B:
BbIcokoTemrepatypHbiii nek (BTII) ¢ T, = 150 °C, nony4yenHsblIit B paboTe [18]; BICOKOTIaBKMIT
nek (BIIIT) ¢ T, =202 °C [21]. [Ins1 onmcaHHBIX BBILIE IEKOB IIPOBOAVIIN KapOOHM3ALINIO TyTeM

Harpesa Jio 800 °C c BbIiep>KKOJ IpM JaHHOI TeMIlepaType B TedeHMe 1 Jaca.
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TepMo06pabOTKY 37IEKTPOHBIX IIEKOB IIPOBOAWIN B My(e/IbHOII ITeur, caMyl IIeKy ObUIN
MIOMeIL[eHbI B TUIJIV C IPUTEPTOI KPBIIIKOI 10 aHAJIOTUM C METOMKOIL, OIIMCAHHOI B paboTax
[10-11]. ITexn narpeBamu go T = 290 °C; 330 °C; 400 °C. Onpepernsncsa Boixop neka W mocie
HarpeBa KaK IIPOLIEHTHOE OTHOLIEHVE MAacChl II€Ka I0C/Ie HarpeBaHMsA K Macce HaBeCKM I1eKa /10
HarpeBaHys. [I14 eKoB MOCTIe HarpeBa u3Mepsum Buixof netyunx Bemects X (TOCT 9951-2023).

Taxoke MpON3BOAWINCH CMeCeBbIe COCTaBbI HAa OCHOBe IIeKa Kareropuu b ¢ jo6aBkamu
neka kateropuu B u nponykros ero TO B Bupe BTII n BITII. ITexn MexaHU4ecKUM CIIoco60M
pasMenbYamuch ¥ MPOCEMBANNCh Yepe3 cuTo pasmepoM mop < 200 mxm. K msMenbueHHONI
HaBecKe IleKa Kareropuy b npubasisnacs fob6aBka B Buje u3MenbueHHoro mpopykra TO (40%
no maccoBoit mone) B Bupe BTII, BIIII. Cmech TmiaTenbHO pasMelinBagach LINATeNeM I
MIOMEIANACh B KEpAaMUYECKUI TUTEb C IMPUTEPTOI KPBIIIKOIL. Jlasee cMech HarpeBanach B
MydenbHoI eun o 220 °C u BeIgep>XMBanach Ipy JAHHON TeMIepaType B TedeHue 10 MuH.
HarpeB ob6ecrmeurBan IONMy4eHME OJHOPOJHOTO HPOAYKTa 0e3 OTHeNeHMs JIeTKUX
KOMIIOHEHTOB II€Ka, O 4€M CBUJETENbCTBOBANIO MX OTCYTCTBME Ha KE€PAMMYECKONM KPBbIIIKE
TUTTIA.

[ TepMOOOPabOTaHHBIX IEKOB M CMECEBBIX COCTAaBOB IIPOBOAVIN KapOOHMU3AINIO
nyTeM HarpeBa B My(enbHo meun o 800 °C u BbIAEp>XKOV IpM [AHHOI TeMIepaType B
TeyeHye 1 vaca. Ompepensmm BbIXo Kap6oHn3atoB K Kak IpOIeHTHOe OTHOIIEHME MacChl
MIOTy4eHHOTO KapOOHM3aTa K Macce HaBeCKU IeKa.

OcHoOBHasA 4YacTh

[TonydeHHble IeKM IOCIe TepMMUYecKoil obpaboTky B paborax [18, 21] u cMmeceBble
COCTaBbl KapOOHM3MPOBAIM B TUIMIAX C IPUTEPTOIl KPBIIKON B MydenpbHOI Heyy myTeM
Harpesa 1o 800 °C u Beiiep>KKOIt B TedeHre 1 daca. B Tab/1. 2 mpecTaBieHbl faHHBIE O BBIXOJIE
JIeTy4MX BellecTB JJid IleKa KaTeropuu B u mpopykTos, momyueHHbix TO.

Ta6muma 2. XapakTepyCTHUKIM 97IEKTPOSHOTO ITeKa Kateropuu B 1 morydenHsix npopykros TO

Ne HasBanme X, % K, %
B 53 50,7

BIIII 33 78,7

BTII 36 62,1

W3 Tabn. 2 BupHO, uro mns BIIII B pesynbrate TO B codeTaHum ¢ TepMoo6paboOTKOI
37IeKTPOMIHOTO ITIeKa B mpomcxopmao cHuKeHMe BBIXOZA JIETY4IMX BelecTs ¢ 53 mo 33% [21].
3navenne K mocre tepmoo6paboTky yBemmumBaercs fo 78,7%. JaHHbIT 9¢ddeKT MOXHO
006BsAcHUTD co cnepytomyx nosunuit: TO nmpu T = 260-320 °C 2/1eKTpoJHOTrO IeKa KaTeropumu
B, mpusenenHoe B pabore [21], mpmBOmMIO K poCcTy o U oi-Ppakuuil COOTBETCTBEHHO,
Tepmoobpaborka u TO B obmactu HuskoTeMIlepaTypHoit Kapbonusanuu (mpu T = 400 °C)
IPUBOAMNT K CYIIeCTBEHHOMY POCTY a1-(ppakijuy, Kak 3TO II0Ka3aHo B pabore [22]. 91O MOrIO
IpUBECTU K 3aMeTHOMy yBenmuenuto sHaueHyusa K. B crydae BTII TO meka B B obmactu
260-360 °C npuBoauT, cornacHo [16-19], K pocty « u ai-ppaxiym, 9TO MOITIO IPUBECTY K
yBenm4yennio sHadenns K.
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B Tab1. 3 mpeqcTaBieHbl XapaKTEPUCTUKN 3TEKTPOSHOTO TeKa b 1 cMeceBbIX COCTABOB

Ha €r0 OCHOBE.

Ta6muua 3. XapaKkTepyCTUKM 9/IeKTPOFHOTO IleKa b 1 cMeceBBbIX COCTABOB Ha €r0 OCHOBE.

Ne HasBanme X, % K, %
1 b 54,4 54,3
2 b+B-40% 48,3 55,7
3 b+BTII-40% 46,8 64,5
4 b+BIIIT-40 % 41,7 68,4

V3 Tabmuibl 3 BUHO, YTO BBefieHNe B ek KaTteropuu b fo6aBok B Buze nekos B, BTTI n
BIIII mpuBopguno K 3amMeTHOMY yBenndeHuro 3HadeHnus K. BeefmeHme B mek kareropum b
nobaBKM B BUje 97IEKTPOJHOTO IeKa Karteropuu B mpuBommmo ysenmmyennto K go 55,7%.
Taxxe u3 Tabmuubl 3 BUAHO, YTO BHeceHMe N0OOABOK B IeK Kareropuym b mpmBopmmo k
YMEHBIIEHNIO BBIXOZA JIETy4MX BemlecTB X A BceX BUAoB fobaBok. Ha ocHoBanumm
Pe3y/IbTaToOB, IMpPEACTaBIeHHbIX B Tab/. 3, MOXHO IPEAINIONOXNUTb, YTO BBEfleHNE B IIeK
kateropuy b no6aBox npopgykToB TO cO CHIDKEHHBIM 3HaYEeHMEM BBIXOJIA JIETY4YMX BelleCTB X
IPUBOJAUT TAaK)Ke K YMEHBIIIEHUIO IIPOLIEHTHOTO cofiep>kaHysA X B KOHEUHOM ITpoayKTe. Takke
CHIDKEHME 3HayeHMss X MOXKeT OBITb C/Ie[ICTBMEM IIPeBapUTENIbHON TepMOOOPabOTKM BO
BpeM: IPUTOTOB/IEHNA CMECEBOT0 cOcTaBa. KpoMe TOro, MO>KHO IPeIION0XKUTh, YTO BBEEHNE
no6aBoK B nek KaTeropuu b B Buzie npogykToB TO IPpUBOAUT K YBETNYEHNIO COfEPXKAHNA & U
a1-ppakiuit B KOHEYHOM IPOAYKTE, YTO UM IPUBOAUT K KOTMYECTBEHHOMY YBETNIECHUIO
3HaueHusa K.

B tabmuiie 4 mpepcTaBieHa 3aBUCYMOCTD JIJIS BBIXO/IA JIETYYMX BEIIEeCTB OT TEMIIePaTyPhI

Harpesa IIeKOB Kateropuu b u B.

Tab6muma 4. JlaHHbIe 0 BBIXOJE JIETYy4MX Bell]eCTB 9JIeKTPOJHBIX IIeKOB KaTeropuu b u B B 3aBucuMocTyt oT

TeMIIePaTyphbl HarpeBa
Ne JIna nexa xareropuu b JIna nexa xareropuu B

T, °C W, % X, % K, % T, °C W, % X, % K, %

290 98,8 53,8 54,4 290 99,4 52,2 53,3

330 95,8 50,0 54,7 330 96,7 48,6 53,8

3 400 89,8 45,5 65,0 400 90,3 43,0 60,0

V3 Tab51. 4 BUZHO, 4TO ITOCTIe HarpeBaHus MekoB b 1 B mponcxopuT yMeHblieHe BEIXOfQ
neryunx BeecTs X. ITocie Harpesa o 330 °C sHaueHue X yMeHbIINMIOCH ¢ 54,3 mo 50% pna
neka b u ¢ 53 o 48,6% nna nexa B. Harpes no 400 °C npmMBOAMI K YMEHbBIIEHUIO BBIXO/IA
JIETY4MX BellleCTB /1A neka b o 45,5%, a1 nexa B mo 43%. Takke CTOUT OTMETUTD, UTO HarpeB
fo 290 °C He mpuBOAUT K yBennueHunio K 1o cpaBHEHUIO ¢ MCXOJHBIM IIEKOM B CIydae IeKa
Kateropun b, pya meka kareropuu B 6pi1 Heb6ombmoin poct Ha 3% (cM Tabm 2 m tabm. 3)
.YBenudenue remnepartypsl Harpesa o 330 °C Tak>ke He IPUBOJMIIO K 3aMETHOMY YBE/TMYEHUIO
3HaueHus K mns obemx xarteropmit mekoB. YBenmdenue HarpeBa fo 400 °C mpuBogmio K
yBe/IMYEHMIO BBIXO/ja KapOOHM3aTa Ha BemmuuHy ~ 10% /14 06eux KaTeropuii eKos.

Ha ocHOBaHVM HaHHBIX, IpefCTaBIeHHBIX B Tabmu1e 4, monydeHa 3aBucumoctsb K ot X.
Ha puc. 1 npencraBieHa 3aBUCHMOCTD BbIXofia kKapboHusaTta K ot BeIxojja eTy4nx Beuects X.
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Puc. 1. 3aBucumocTp BbIXOfia KapOoHmsaTa K oT BbIXOfja JleTyuux BemiecTB X JId Ieka Kareropuu b mocre
TepMo06paboTKy: 1 — s meka b; 2 — s mexa B.

Ha puc. 1 HabmogaeTcst yBenmmueHne BbIxofa kapboHusata K ¢ yMeHblIeHeM BbIXOfja
JIETY4MX BeleCTB 1A IeKoB b u B.

CormacHo pesynbTaTaMm pador [9, 16, 17] Mo>xHO mpwmitTu K BeiBofiaM, uTo pu TO poct
T, [9] n yBenmmuenne a-gpakuuu [9, 17] pia meka mpoucxogut ObICTpee, YeM IIpy 0OBIYHON
TepMOOOpaboTKe B Cpefie COOCTBEHHBIX Ta3oB. Tak)Ke U3 JIUTEPATYPHBIX JAaHHBIX [23-24]
U3BECTHO, 4YTO ITyTeM HarpeBa Ipu Temmeparypax sbime 300 °C mpoucXomgmut pocT
ai-¢ppaxuyu B nekax. [Tpu remnepatypax 400-500 °C nmpoucxopat Me3odasHble IpeBpalleH N
[22, 25,26, 27], rne HaOMIOAETCs YCUIEHHBII POCT o -PPaKIVIY COTTIACHO pe3y/IbTaTaM paboTs
[22]. IIpu Temnepatypax Bbiuie 500 °C IpOMCXOAAT MPOLIECCHI ITOTYKOKCOBAHMS Y KOKCOBAHA
nekoB [7, 8, 26-29]. V3 Bbllle CKa3aHHOTO MO>KHO INPEIIIONOXNUTD, YTO &;-PPaKLMs MOXKET
OKa3bIBaTh B/IMsAHME Ha IpOLecC KapOOHM3aIMM M KOMMYECTBEHHO YBEIMYVMBATH BBIXO
KOHEYHOTO IIPOAYKTa, YTO O9KCIIEPUMEHTAIbHO IOATBEPXJeHo B paborax [10, 20].
VI3 omMCaHHBIX Bblllle YTBEP>KIEHMII MOXXHO IPENIONOXUTb, YTO MMEHHO YBelUdyeHMe
a1-ppakuy MO>KeT UTpaTh 3aMeTHYI0 poib B mosbimieHun 3Hadenne K pra BTII u BIIIT mo
CPaBHEHMIO C VICXO[JHBIM IIeKOM Kareropuu B (Ta6sm. 2). ITo Taxke [OKa3bIBaeT, YTO BBIXO]
KapOoHM3ara Jyis rexa b Beiine, yeM 11 neka B, Tak kax B nieke b, rjje coneprxanne a;-ppakiym
(10,3%) 6ornbliIe IO CpaBHEHMIO € cofiep>kanueM o (7,5%) dpaxuym B neke B (tabs. 3 u tad. 4).

Harpes mo 290 °C mpuBOoaM/I K OTHeNeHUIO JIeTKMX KOMIIOHEHTOB II€KOB, O YeM
CBUJeTeNbCTBYeT yMeHbIeHne X (tabs. 3). Harpes go 290 °C nosbiman K Tonbko st mexa B
¢ 50,7 mo 53,3%. [Ins meka b marpes mo 290 u 330 °C He BN Ha BBIXOJ KapOOHM3arta.
IToBbimienne Harpesa fo 400 °C cyliecTBeHHO YMEHbIIAIO BbIXOZ MeKoB W IIOc/Ie Harpesa,
YMEHBIIIAIO BBIXOJ JIETYYNX BeIeCTB IeKOB X 1 yBe/IM4YMBaIo BbIXof KapOoHusara K, uro Takxe
MOXXET ABJIATHCA CIEICTBUEM POCTa & U &1-(PPaKLMi COITIACHO pe3yabTaTaM pabor [6, 10, 22].

BoeiBoabl

1. TepMoOKuCIeHM e /TEKTPOHOTO TeKa B moBbIlaeT BpIxos KapboHM3aTa.
2. Begenne 40% no6aBKu B IIEK Kareropuu b B Bujie BBICOKOIIIABKOTI'O IT€Ka YBEIMYMBAET
BBIXOJ] TIEKOBOTO KapboHu3ara ¢ 54,3 1o 68,3%.
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3. YBenuyeHne TeMIepaTypbl Harpesa a1eKTpofiHoro rneka b ¢ 290 no 400 °C ysenm4nusaer

BBIXOJ] KapboHM3aTa 10 65%, a /I 97IeKTPOIHOTO IeKa KaTeropuu B mo 60%.

Paboma evinonHena Ha o6opyoosanuu Jlabopamopuu mepmuneckux npespaujeHuti yens

OIBHY «PedepanvHuiii uccnedosamenvckuil ueHmp yens u yenexumuu Cubupckozo omoeneHus

Poccuiickoti akademuu HayK».
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Kniouesvie cnosa: Annomauyust. [Iposeder curimes nueanda — cnupoxapoora (4,4,10,10-mempamermun-
cnupoxapooH, 1,3,7,9-mempaasocnupo[5.5[ynoexan-2,8-0uoHa) U KOOPOUHAUUOHHBIX COOUHEeHUTI
MK cnexkmpocxonus, cnupoxapbona ¢ kamuonamu nepexooHvix memannos: Co’*, Cd**, La**, Cu**, Zn**,
3EKMPOHHAS Mn?*. O6pazosariue K0OPOUHAUUOHHBIX COEOUHEHUTI NOOMBEPHIEHO OAHHBIMU
CNeKmpoCKOnus, MK u YO-cnexmpockonuu. B anexmpoHHbix cnexmpax KoMHaeKCHbIX cOeOUHeH UL
nepexooHbvle Memasvl, 3apuxcuposan 6AMoXpoMHbLiL cO8U2 NONOCHI, COOMBEMCMEYUeld 1ueandy, a
Komniexcoo6pasosarue, maxsie NOABNEHUE HOBbLIX MAKCUMYMOS MNOZIOWEHUS 6 ONUHHOBO/IHOBO
PASS online, obnacmu. Ha ocHoBAHUU Pe3ynbmarmos MoneKynapHo20 00KuHea 0bi10 NOKA3AHO,
MOJIEKYNAPHBLE OOKUHL. 4o HAliOeHHAs OUO0/I0UHeCKAS MUULEHb — O-CUHYKTIeUH, CBA3bl6AemCcs ¢

nuzandom (cnupoxap6orom) nocpedcmeom 8000pOOHbIX CB53el MeNOY Amomamu
Kucnopoda u 8000poda amudHoil epynnovi  4,4,10,10-mempamemun-1,3,7,9-
mempaaszocnupo[5.5]yndexan-2,8-0uona u amomamu 6000po0a U KUCLOPOOad
AMUHOKUCTIOMHbIX ~ ocmamkos  Oenka.  Mccnedosana — 3a8ucumocmo

nunogunvrocmu om pH cpedvt KoMnieKcHvlX CoeOUHeHUTi CHUpPoKapooHa.

s quTpoBaHus:

MIy6una A.A., Opnosa T.H., Opnos B.IO. Cunres u ucciefgoBanue 610/10rM49eCcKOl aKTUBHOCTY CIMPOKapOOHa 1
€ro KOMIUIEKCOB C KaTMOHAMMI Psifia IepeXOIHBIX 3/1eMeHTOB // Om xumuu k mexHonozuu wiae 3a wazom. 2025.
T. 6, Bbim. 3. C. 91-105. URL: https://chemintech.ru/ru/nauka/issue/6423/view

BBenenne

Cnupoxap6os nnn 4,4,10,10-terpamernn-1,3,7,9-
TeTpaazocnmpo|[5.5]yHaekaH-2,8-10H  OTHOCUTCS K
KOH/ICHCHPOBAaHHBIM ~ OMIMK/INYECKUM O CMOYeBMHAM

CIIVPaHOBOTO psifia (cM. puc. 1).
Cnupoxap6on (Sk; 1) BrepBble CUHTE3MPOBAIN Py, 1. CrpykrypHas gopmyna
KOHMIeHCal[Mell aleToHa u ModyeBuHbl B 1901 r. [1]. 44,10,10-Terpamernn-1,3,7,9-

. TeTpaasocnupo|(5.5|yunekan-2,8-gmona
ITosxe ILluroiiHep ¥  KOWIEIM [JOKAa3aauM  €ro P po[5.5]ynn A

© A. A. lly6una, T. H. Opnosa, B. 10. Opnos, 2025
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cnmpobucnmpuMnuanHoBoe crpoenue [2]. Crnupokap6oH obnmagaeT HaOOPOM YHVMKaIbHBIX
OMONMOTMYECKMX  CBOMCTB: HM3KOM TokcumyHocTbio (LDsy = 3000 wmr/kr) [3],
MeMOpPaHOTPOITHOCTBIO [4], IUTOTOKCUYHOCTHIO IO OTHOIIEHMIO K JIEIKO3HBIM KJIETKaM IMHUI
L1210 mpimreit 1 CEM-T4 genosexa [5], Bmmsier Ha GpusMKo-XuMudeckye ¥ PyHKIVIOHATbHbIE
CBOJICTBA IeMOITIOOMHA, COCTOSIHME  QHTMOKCUJJAHTHOV  CUCTEMbl  peryIMpOBaHVs
BHYTPMK/IETOUHBIX IIpolieccoB depes NO- 1 ero mpomssopnble [6]. Taxxe npumeHeHme
crpokapboHa B KayecTBe perysiTopa pocTa MO3BOJIAET YBEIMYUTD KOMYECTBO Oenka [7] u
CHM3UTb KPaXMa/lINCTOCTh B 3epHe oBca [8].

V3BecTHO, yTO TpM Oone3Hu AjbplreiiMepa HabmogaeTcs oOpasoBaHue arperaTos
Q-CUHYK/IEVIHa, KOTOpBble B3aMMOJENCTBYIOT ¢ [-aMWIOMOM M  YCWIMBAOT €ro
HePOTOKCUYHOCTh [9]. a-CuHyKIeMH CIocob6eH YCUIMBaTh OKUCIUTENbHBIN CTpecc U
BOCIIaJIeHVe, Hapyllas CUHANTH4YecKylo Iepenady [10]. AleTmixonmHacTepasa Takoke
YCKOpsIeT arperanymio 3-aMIUIoNa, YTO CIIocOOCTBYeT 00pa3s0oBaHNIO TOKCHMYECKUX KOMIUIEKCOB
Ha MOBepXHOCTM HelipoHOoB [11]. CnemoBaTenbHO, VHIMOMUTOPBI alleTUIXOTMHICTEPA3hI
NOBBIIIAIOT YPOBEHDb AalleTM/IXO/MHA, YTO YIIydYIIaeT Ilepefjady CUTHAlIOB B Mosre [12], a
JIOHOPHO-aKIeNITOPHble TPYNIbl B aKTMBHBIX (papMalleBTMUECKMX CYyOCTaHIMAX MOTYT
OKa3bIBaTh aHTMOKCUJAaHTHBIN o dekT [13].

B pa6orte [14] cnuporeTeponykindeckue CoeHEHNS, BK/II0Yas COIMPOKAPOOH, N3ydan
B KayeCTBe MHIMONTOPOB XOMMHACTEPasbl (aKTMBHOCTD SK B KauecTBe MHIMOMUTOpA IPOBEPSIIN
Ha MUKpOTUTpe MeTofoM VIDA). Pe3ynbTaThl CKpMHIHTA TOKA3a/I/ 3HAYNTETbHBII OTEHIMAT
VHIYOMPOBAaHMSA alleTU/IXOIMHAICTepasbl. TakuM 06pasoM, Ha OCHOBe CHMPOKapOOHa MOTYT
OBITD CHHTE3VPOBAHBI IIPOM3BOJIHBIE — AKTUBHBIE (hapMalleBTUYeCKUe CyOCTAaHIMM IPOTYUB
6onesun AsblreiiMepa. boree Toro, mpepmnoxeHsl [15] mepCHeKTMBBI INIPUMEHEHNS
KOMIUIEKCHBIX COeIVHEHMII pefKO3eMe/IbHbIX 3/IEMEHTOB CO CIIMPOKapOOHOM B KayecTBe
areHTOB /I JOCTaBKM JIEKapCTB.

Takum o6pazoMm, B clydae HaIM4YNA HU3KON SHEPIMM CBA3BIBAHM CIMPOKapOOHa C o-
CUHYK/IEVTHOM MOXXHO BBIJIBUHYTb TMIIOTE3Y O TOM, YTO CIIVIPOKapOOH 06/IerdyaeT CMITOMBI U
3aMeIsieT HeJpojerepaTBHbIE IIPOLeCCHI B OpraHmM3Me 4enoBeka. I[IokasaHo, YTO CUHTe3
KOMIUIEKCHBIX COEIMHEHUI CIMpOKapOOHa OOOCHOBAaH C TOYKM 3peHMs IOBBILIICHVA

OVO[JOCTYITHOCTY 110 CPAaBHEHUIO C HECBS3AHHOI MUTaHIHOM (POPMOIL.

I_Ienbm HaCTOHmeﬁ Pa60TbI ABIACTCA CUHTE3 U MCCIENOBaHUE CIIEKTPaJIbHBIX U
OMO/IOrMYECKUX CBOWICTB KOMIIIEKCHBIX COC,‘E[I/[HCHI/HZ La** u d-smemeHTOB ¢ OpTaHNYECKUM

JINTaHJOM — CIMPOKAapOOHOM.
IKcnepuMeHTaTbHasA YacTh

[l mpoBefieHNsI CMHTE30B MCIIONb30BaMNCh: Kapbamup u.j.a. (AO «JlenPeaktus»),
artetoH x.4. (AO «9KOC-1»), cepnas kucnota x.4. (AO «JlenPeaktus»), Hurpar nanrana (III)

rekcaruapar x.4. (AO «JIenPeakTuB») M OCTa/lbHBIE X.4. PACTBOPUMBIE COM d-3T€MEHTOB:
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Hutpar Mepu (II) tpurmppar, xmopmp umuka (II) GesBommbiii, xmopup Mmapranua (II)
6e3BOfIHBIIT, HUTpAT KobanbTa (II) rekcarmapar, Hutpat kagmus (I1I) rerparuppar.

CreKTpbl IOI/IOLEHNA CHTE3VPOBAHHBIX IIPOJYKTOB ITOTyYeHbI HA CIEKTPOPOTOMETpe
I19-5400 YO xoMmanum «IKpOCXMM», B KadyeCTBe PACTBOPUTE/IA MCIOIb30BalIN 3TUIOBBIN
cupT. OyHKUMOHAIbHBI aHanu3 BbimonHeH MerogoMm HIIBO ma VIK-cmektpomerpe ¢
dypre-nipeobpazoBanueM Spectrum 65 ¢pupmer Perkin Elmer. OnemMeHTHbIT aHa/IM3 BBIIIOTHEH
c ucnonbsosanneMm C,H,N,S-ananmmsaropa FLASH EA 1112. TemnepaTypa naBieHus IUraHzaa
u3MepeHa Ha npubope Stuart SMO10.

Cuntes cnmpokap6oHa (4,4,10,10-terpamernn-1,3,7,9-terpaasocnmpo(5,5]yHnekan-2,8-
JIVOHA) OCYIIeCTB/IM 10 oOuen3BecTHOV Metopuke [17]. IlomydeHHoe coepfuHeHMe
BBIJIEJISUIN Y OUYMIIAIY OT OCTATOYHBIX IIPUMecell MEeTO/IOM IepeKpICTA/UIN3ALNN U3 BOJHOTO

pacrBopa. TemmnepaTypa miaBneHus cuupokapbona cocrasuna 241-243 °C.

MeropnKa CHTe3a KOMIUIEKCHBIX COeMHeHMIT cmpokap6oHa (Sk) ¢ pactBopuMbIMu
conamu d-snemeHnros, HuTparom nanrana (IIT). HaBecky rmppara cooTBeTcTBYyIOMLIEN COMN
(nm 6e3BomHOTO XIOpUAa) pacTBOpsM B 20 MJI aljeTOHA M IPWIMBAIM K PAaCTBOPEHHOI B

alleTOHe HaBeCKe JINTaH/a, CM. CXeMbl 1-6. Macchl KOMIIOHEHTOB YKasaHbl B Ta0I. 1.

Ta6mua 1. HaBecku BewecTs [j1 CMHTE30B KOMIIIEKCOB

. Macca HaBeCcKHU
Kommnekcoo6paszoBarens | Popmyra mcxogHoit comn | Macca HaBeCKM COH, T
CIIMPOKapOOHa, T
Cu** Cu(NO:3),-3H,0 0,1330 0,2649
Zn* ZnCl, 0,1020 0,1806
Mn* MnCl, 0,1110 0,2119
Co* Co(NO:s),-6H,O 0,1460 0,2408
Cd* Cd(NO:),-4H,O 0,1450 0,1132
La** La(NO:s);-6H,O 0,1390 0,1541

OnTrnManbHOE COOTHOIIEHVE KOMMYECTB BeIIeCTB cocTaBmlo 1:1 g kommiekcos Sk ¢
Zn*, Mn**, Cd** u 1:2 B cnyuae Cu®', Co?*, La** (IONMHOTY CBA3BIBaHM NUTAH[A IPOBEPSIIN
METOJJOM 37IEKTPOHHOII CIIeKTpocKomm). PacTBop mepeMemnBanm 5-15 MUHYT Ha MaTHUTHON
MelIajIKe 1o 00pa3oBaHuMs BA3KOTO PacTBOpa. BsA3kuil pacTBOp 0TGUIBTPOBBIBAIN, PUIBTPAT
XPaHWICA B IVIOTHO 3aKYyIOPEeHHOM cocypie. Yepes 2-3 Hefier1 00pa3oBBIBAIIICH IPO3pAaYHbIe
IpU3MaTIYeCKyie KPYUCTA/UIbI, KOTOpble OT(IIbTPOBBIBAIIY, IIPOMBIBA/IN alleTOHOM U CYIIVIIN
Ha Bo3fyxe. [lomy4yeHHbIe KOMITIEKCHBIE COeAVHEHNA IPOSBIIAI0T HAVJIYYIIYI0 PACTBOPUMOCTD
B aIlPOTOHHBIX OUIIOJIAPHBIX PAaCTBOPUTEAX: OYeHb JIeTKo pactBopuMbl B JM®A u [IMCO,
JIETKO PacTBOPUMBI B CIUPTaX M al[eTOHUTPUIIE, MAJOPACTBOPMMBI B BOJe, NPAKTMYECKN

HepacTBOPVMBI B HEIIO/LAPHBIX OPTaHMYIECKNX PACTBOPUTENAX (TeKCaH U fIp.).
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Cxema 6. ITomrydyenne Kkomiiekca 7

Sk (1; muramm; 6pyrro-popmyma CiHxN4O,). Beixom 96% (1,12 r1). benmblit
MeJIKOKpUCTa/UIMIecKnii nopomok. Haipeno, %: C 54,81; H 8,34; N 23,33. Boruucneno, %:
C 54,98; H 8,39; N 23,32. VK, vy, oM 3310, 3295, 3203 (N-H), 3075 (CH.), 2970, 2925 (CHs),
1650 (C=0), 1420 (C-N). Ayaxc = 206 HM.

[CuSk,(H,0)](NO:s), (2). Borxon 82% (0,3099 r). brnenno-rony6sie kpucramnnl. HaiieHo,
%: C 38,76; H 6,23; N 19,66. Beruncieno, %: C 38,51; H6,17; N 19,71. IK, Vyuxe, cM': 3630 (H,O);
3285 (N-H); 3087, 2956, 2896 (CH,, CH;); 1621, 1642 (C=0, amup I); 1446 (C-N); 825 (NO5).
Asae = 243 HM.

[MnClL-Sk] (3). Beixop, 87% (0,2807 r). bexxessle kpucramnbl. Harigeno, %: C 37,08;
H 6,51; N 20,30. Beruncneno, %: C 37,99; H 6,38; N 20,14. VK, Vyax, cM': 3354, 3302, 3263, 3235
(N-H); 2940, 2891 (CHs); 1645 (C=0, amuz I); 1478 (C-N). Ayaxc = 269 HM.

[CoSk,(H20):](NOs), (4). Boixog 75% (0,2560 r). JInnosble kpuctamisl. Haitneno, %:
C 38,64; H 6,99; N 20,66. Boruncieno, %: C 38,26; H 6,28; N 20,28. K, Vyaxe, cMt: 3650 (H,O),
3296 (N-H), 2975, 2922, 2880 (CHs, CH,), 1622 (C=0, amux 1), 1034, 1369, 753, 827 (NOs),
1447 (C-N). Ayaxe = 515 HM.

[CA(NOs).Sk(H20)] (5). Berxop 90% (0,2095 r). bensie kpucramwner. Haitneno, %: C 26,68;
H 4,21; N 16,89. Boruncneno, %: C 26,71; H 4,48; N 16,99. VK, Vyue, cMt: 3570, 1501 (H,O);
3303 (N-H); 3080 2975, 2900 (CH,, CH3); 1617 (C=0, amup I); 832 (NO5"). Ayaxe = 269 HM.

[LaSk,(H,0)2(NOs)s] (6). Bexom 92% (0,2530 r). IIpospaunble mpusMaTmdecKue
kpucramel. Haripeno, %: C 21,96; H 4,07; N 16,32. Beraucneno, %: C 21,97; H 4,02; N 16,30.
UK, Ve, e 3660 (H,O); 3240 (N-H); 3076, 2955, 2901, 2870 (CH,, CHs); 1636 (C=0, amupg,
I); 1478 (C-N), 1390 (N=0), 1500 (H,0), 1270, 1050, 803, 776 (NO5). Ayaxc = 263 HM.
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[ZnCl,-SKk] (7). Berxox 89% (0,2517 1). Kopnunesbie kpucramiel. Havineno, %: C 35,16; H 5,11;
N 14,77. Berancneno, %: C 35,08; H 5,35; N 14,88. VK, Vya, cM™': 3375, 3331, 3329, 3260 (N-H);
3079, 2974, 2890 (CH,, CH;); 1635 (C=0, amun I); 1505 (amuz 11), 1446 (C-N). Ayaxc = 235 HM.

OcHoBHasA YacTh

CyHTe3VpOBaH OpPraHMYeCKMil IUTaH] — CIMPOKAPOOH, COCTaB M CTPYKTypa KOTOPOTO
NOATBEPXX/IeHbl ~ JAHHBIMM  CIIEKTPAIbHBIX MeTOHOB. Y®-CIIeKTp  XapaKTepusyeTcs
MaKCUMYMOM IIOIJIOLIEHNS IPY Amax = 206 HM (cM. puc. 2).

A, nm

Puc. 2. YO-cnekTp cnmpokapboHa

B VK-cnektpe coequuenus 1 (cM. puc. 3) HaOIIOAOTCA XapaKTePUCTUIECKUE TIOTOCHI
BQJICHTHBIX KOJIeOaHMII, COOTBETCTBYIOLIME (PYHKIMOHAIBHBIM TpyNIIaM CHMpoKapboHa:
kapooHmnpHasg (1650 cm?), ammuorpymma (3310, 3295, 3203 cm'), mnpuUCyTCTByeT
noateepxaeHne Hammuus cBsa3u C-N (1420 cm ™). CriekTpabHble XapaKTePUCTVKY TOJTHOCTBIO
COOTHOCATCS C IUTEPAaTYypPHBIMU HaHHBIMU [16].

99,
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Puc. 3. VIK-crexTp ciupokapboHa

Kak mokaspiBaer aHanu3 VIK-CrieKTpOB KOMIIEKCOB CIIMPOKapOOHa, BO BCEX CAydasix
HOZITBEP)K/JAeTCsI KOOPAMHALMS MeTa/UIa C TUTAH/JOM Yepe3 KICIOPOf aMugHoi rpymms —CO-
NH-, o uem cBuzeTenbcTByeT cMeleHue 1monochkl C=0 B [UIMHHOBOTTHOBYIO 00/IaCTb CIIEKTpa.
JTO TMOATBEP)KHAT MNaHHbIE JEKTPOHHON  CIIEKTPOCKONMM: HAOMIONAETCS — Cepust
6aTOXPOMHBIX CAABUI'OB, COOTBETCTBYIOLINX T->T* IepexofiaM (cM. puc. 4, 5).
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BatoxpomHbie casuru (1)
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Sk(1) —— Sk-Co(4) —Sk-Cd(5) —Sk-Cu(2)
Puic. 4. DnexTpoHHBIE CIEKTPHI coefMHeHmit 1, 4, 5, 2

BaToxpomHble casuru (2)

190 240 290 340 390 440 490
A, nm

sk(1) ———sk-La(6) =——5k-Zn(7) ——— 5k-Mn(3)
Puc. 5. OnekTpoHHbIe CIIEKTPbI coefinHeHmit 1, 6,7, 3

Vpentudukanyss  OMONOTMYECKMX  MUILIEHell  CHOMpPOKapOOHa IPOBOAMIACH  C
ucronb3oBaHyueM Be6-cepBuca PASS Online [17], KoTOpBIil Ha OCHOBe aHa/IMI3a MOJIEKY/ISIPHON
CTPYKTYpPBbI COeIVHEHMsI IpefiCKa3bIBaeT BEPOATHOCTb €r0 B3aVMOJEVICTBMs C PasTNYHBIMU
MOJIEKY/ISIPHBIMM MUIIEHsAMU. B Tabmmije 2 ykasaH CIMCOK O/IKOB, IIPOTHO3MPYEMBIX Kak
BO3MO)KHBI€ IIPsIMbIe LI/ JJIS B3aVMOJEVICTBIUSA C IUTAHIOM.

Taﬁimua 2. Hpencxasaﬂme BBaMMO,[[CﬁICTBMH C MOJIEKYTIAPHBIMY MUILIEHAMUI

BeposaTHocTh peanmsanum
Haspanue .
B3aNMOJAEVCTBIA C 6MIOMUIICHAMM
a-CHHyKIenH 0,8237
Cepun/TpeoHnH-mpoTenHknHasa PLK3 0,3635
ITporennknnasa C iota 0,3443
HeitpoHabHBII alleTUIXOMMHOBBII PeLlenTOPHBII 6e1oK a7 0,3227
ADAMTS-4 0,3266
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B pesynbrate aHanmmsa mporpamma IIpefoCTaBIWIa TabIMIly, COEEpPIKAIIYyI0 IepedeHb
BEPOATHBIX MOJIEKY/IAPHBIX MUIIEHEN, OTCOPTMPOBAHHBIX B NOPAAKe YOBIBaHMSA 3HAYEHNA
Confidence (BepoATHOCTY B3aMOJIeIICTBYIS TATAH/IA C MUIIIEHbIO0). B KauecTBe IPMOPUTETHBIX
MUIIeHell paccMaTpuBamich Oenky, 3HadeHuss Confidence a1 KOTOpBIX IpeBBIIIANN
YCTaHOBJ/ICHHBII IIOPOTOBBI ypoBeHb 0,7. [JaHHOMY yclnoBuUIO yhoBeTBopsieT 6enok Alpha-
synuclein [18].

C menbio IOATOTOBKM CTPYKTYpBl /NMTaHAAa K JaTbHENIIeMy IIPOBEIEHMIO JOKMHTA
OCYILIeCTB/ISI/IaCh ONTMMM3auus reoMerpun depes nporpammy Firefly [19] meromom PM3.
Pesynbrar ontmmusanyu reomerpum (cM. puc. 6) Momekynrel B ¢opmare *.out
BU3yanusupoBaau yepes nporpammy Chemcraft [20].

3
&Y %
Puc. 6. OntuMusupoBaHHast reOMETpPIs MOJIEKY/IBI CIMPOKapOOHa

MoreKky/nApHBIl ZOKVHI TPOBeleH /Ui OLIEHKM MeXaHM3Ma JIefiCTBUA CIMPOKapOOHa
BCJIECTBME OTCYTCTBMS MWIM OTPAHMYEHHOIO KOJMYECTBA IIPSMBIX QAHAJIOTOB TAaHHON
CTPYKTYPBI Cpe/iyi U3BECTHBIX OMO/IOTMYECKY aKTUBHBIX COefIIHeHNII. B pe3ynibTaTe JOKMHra C
JICTIONIb30BaHVeM IIPOrpaMMHOro obecnedenus SwissDock [21] BBIABIEHO HECKONBKO
BO3MO>KHBIX KOH(OPMAIINIT, TO €CTh BAPMAHTOB IPOCTPAHCTBEHHOTO PACIIONIOXKEHNS TUTAaH
B KOMIUIEKCe C Oe/IKOM, pasjMyaroliuxcs sHeprueii csi3biBaHus. Hambomnee 6muskme 1mo
reoMeTpuu KoHpopmaumy oObefVHEHbl B KIacTepbl, a UX YCPeJHEHHBbIE XapaKTepUCTUKI
PaH>XMPOBAHBI 110 SHEPTUM CBA3bIBAHMA (PaHT KIacTepa), YTO OTPakeHo B Tabmmie 3.

Ta6muia 3. DHepreTuyecKiie XapaKTePUCTUKY KOHPOpMALIMil IUTaHA.

Kondopmanusa Knacrep Panr kmacrepa Energy (kxan/monbp)
1 0 0 -6,34
2 4 3 -6,27
3 23 0 -6,25
4 12 0 -6,22
5 6 3 -591

Beum otobpanbl KoHpoOpMauuy ¢ Hambomee HUSKMM (OTPUIIATENTbHBIM) 3HAa4YeHUEM
9HEPIUM, OTPAXKAIUIVM Haubonee CTaOMIbHOE B3aMMOJEVICTBME JIUTaHAA C OeNKOM [ist
JanbHeNIIero aHaansa.
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Koundopmanus 1

Cluster: 0

ClusterRank: 0

Energy: -6,34 xxkan/mMomnb

[Tpousomio ob6pasoBaHyue BOZOPORHON CBSI3M MEXAY aTOMOM KUCIOPOAA aMUIHON
rpymmsl  4,4,10,10-terpamern-1,3,7,9-TeTpaasocumpo[5.5]yanekan-2,8-1uosa 1 aTOMOM
Bogopona (HN) rpymmer ASP'115/HN, MET'116/HN, GLU'114/HN, a Ttak e aToMOM
Bopopona (NH) mu MET 116 /O, GLU'114/HN (cMm. puc. 7).

Puc. 7. O6pasosanne cBsasu 4,4,10,10-terpamerni-1,3,7,9-rerpaasocumpo[5.5]yuaexan-2,8-a10Ha C aKTUBHBIM
neHTpoM ¢epmenra (kordopmanys 1)

Koundopmanus 2

Cluster: 4

ClusterRank: 3

Energy: -6,27 xxkan/mMomnb

[Tpousouto o6pasoBaHue CleayoIINX cBsi3el (cM. puc. 8):

o Jlunmonp munonbHble B3aumogencTeusa: LYS 21/C=0 ¢ C=0 nuranpa.

o [IVIO/Ib-MHAYLMPOBAHHBIIT JUIIONb: KapooHwabHasA rpynna (C=0) - nonapuHas. OHa
MOXeT WHAyLUpoBaTh junonb B cocegHeir C-H cBaAsu. Oto mpuBemer K cmabomy
nputAarusawouieMy B3anmopericrsuio: THR 22/H u C=0 nuranpa, LYS'21/H n C=0 nuranpa.

e MuoxecTBO Ban-fep-Baanbcospix cun (pucnepcnonnsie cunbl) mexxpy C-H...H-C; C-
H...N.

Puc. 8. O6pasosanne cBsasu 4,4,10,10-terpamerni-1,3,7,9-terpaasocumpo[5.5]yugexan-2,8-a10Ha C aKTUBHBIM
neHTpoM epmenTa (KoHPOpMan M 2)

Koundopmanus 3

Cluster: 23

ClusterRank: 0
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Energy: -6,25 xkan/momnb

[Tpousouwto o6pasoBanue cBsizet (cM. puc. 9):

e Bogopopnble cBasu: LYS 96/N-H n C=0 nmuranga, LEU 100/0 u N-H.

o [IVIO/Ib-MHAYLMPOBAHHBIT JUIIONb: KapooHwnbHasA rpynna (C=0) - nonapHas. OHa
MOXeT WHAyLMpoBaTh junonb B cocegHeir C-H cBasu. IOto mpuBemer K cmabomy
npurAruBawouemy B3aumopericteuio: LYS 96/H n C=0 nuranpa, LYS 97/H u C=0 nuranpa,
LEU'100/H n C=0 nuraupa.

e MuoxxecTBo BaH-zep-BaanbcoBbl cumbl (mycnepcroHHble CvIbl, cuiabl JIOHZOHA)
mexnay C-H...H-C; C-H...N.

Puc. 9. O6pasosanne cBsasu 4,4,10,10-terpamerni-1,3,7,9-rerpaasocmpo[5.5]yuaexan-2,8-a10Ha C aKTUBHBIM
neHTpoM epmenTa (koHpOpManus 3)

Koundopmanus 4

Cluster: 12

ClusterRank: 0

Energy: -6,22 xkan/mMomnb

ITpousomno obpasosanue cBsseit (cM. puc. 10):

e Bogopopusie cBasu: LYS '43/0 u NH nuranpa.

e MHoxecTBO Ban-piep-BaanbcoBel cmbl (AucnepcuoHHble CUIbI, Cuabl JIoHOHA)
mexay C-H...H-C; C-H...N; C-H ... O.

o [lunonp-MHAYLMpOBaHHbIT aunonb: Kapooumnpnas rpynna (C=0) - nonspHas. OHa
MOXeT WHAyLMpoBaTh punonb B cocegHeyt C-H cBsasu. Oro mnpuBemer K crmabomy
npurArusapuemy B3anmogerictsuio: /LYS '43/C=0 u C-H nmuranga, GLY 36/C=0 n C-H
muranga, VAL '40/C=0 u C-H nuranpa.

Puc. 10. O6pasosanne cBsi3u 4,4,10,10-rerpamern-1,3,7,9-rerpaasoctnpo[5.5] yuuexaH-2,8-110Ha C aKTUBHBIM
neHTpoM (pepmenTa (KoHpOpMannA 4)
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Koudopmanus 5

Cluster: 6

ClusterRank: 3

Energy: -5,91 xkan/monb

ITpousomno o6pasoBanue cBsseit (cM. puc. 11):

e Bogopopnble cBasu: LYS 58/N-H n C=0 nuranga, GLN 62/N-H n N nuranpa.

e MuoxecTBO Ban-znep-Baanbcoss! cuel (aucnepcronnsie cnbl) mexay C-H...H-C; C-
H...N;C-H ... O.

Puc. 11. O6pasoBanue cBsasu 4,4,10,10-rerpamernn-1,3,7,9-teTpaasocnnpo|5.5] yHaekan-2,8-110Ha ¢ aKTUBHBIM
neHTpoM epmenTa (KoHpOpManNA 5)

[Tomy4yeHHbIe JaHHBIE O CIIOCO0AX CBA3BIBAHNA IMTAH/A C MYUIIEHDIO II03BOJLAIOT IPUITI
K C/IefiyIollleMy BBIBOJY: Hanbosiee IpeAoYTUTEIbHOM AB/sIeTCs KOHpOpMaIys 1 BCeacTBye
IPUHAJIOKHOCTM K HY/IEBOMY KiIacTepy U objamaHusA Haymbosee HU3KOM OTpUIJATeIbHON
9Heprueil CBs3bIBaHMsA. Takke HaOMIOAeTCA CXOACTBO B SHEPIMAX B KOHpopmanusax 1-4
(AEmex = 0,12 KKam/MO/b), YTO MOYKET CBUIETEIBCTBOBATD O BO3MOYKHOM HaIMYNM
a/IbTePHATVBHBIX ITyTell CBA3BIBAHMA TUTAH/OB C AKTUBHBIM [[eHTPOM MMIICHI.

Il OLleHKM JIeKapCTBEHHOTO IIOTEHIMana CIMPOKapboOHa M €ero IPOM3BOJHBIX
VICC/Ie[OBaHa JMIIOPIIBHOCTh C VICIIONIb30BaHMEM IPOrPaMMHOrO KoMIUlekca [22] mpu
pasmuuHblX pH ¢ Lenplo IPOrHOSMpPOBaHMSA IPOHMILAEMOCTV 4Yepe3 MeMOpaHbI,
6ropocTymHOCTH U papMaKOKMHETHKY, CM. puc. 12 n 13.

JIunodunpHOCTH civpokap6oHa (1) (puc. 12, kpuBas 1) Mano 3aBucKT OT 3HaveHus pH,
OfHaKoO B mlenouHOi cpefe log D (xoadduiyenT pacnpeneneHuss COeOVHEHMS MEX[Y
TUIATHON ¥ BOAHON (as3oit; Mepa MUIOMUIBHOCTY) Pe3KO YMEHBIIAETCS, YTO CBS3AHO C
Ha/m4yyieM ocHOBHOJI rpymnbl —-NH. 3Hauenne munoduabHOCTY <1 yKaspIBaeT Ha YMEPEHHYIO
CIIOCOOHOCTD CBOOOHOI MOJIEKYJIBI CIMPOKapOOHa IIPOHMKATh Yepe3 KJIeTOUYHble MeMOpaHbI.
AMupiHas rpynma mo4Ty He MOHM3MpYeTcs B AmamasoHe pH = 2-12, oHa Majo BiuseT Ha
usMmeHeHne log D B maHHOM fiamasoHe.

B xommiekce ¢ Cu** (2) log D (puc. 12, kpuBas 2) pacreT npyu HU3KMX 3HadeHusAx pH 1o 7,
9YTO TPOMCXOAUT BCIEACTBYE CMab0ii OCHOBHOJM TpPYIIBI, KOTOpas IIOCTEIIEHHO
JIETIPOTOHUPYETCSA, YTO YBEMMYMBAET JIMIIOPWIBHOCTD MOJEKyIbl. IIpoToHMpoBaHMe
IPOMCXOANT U3-3a HA/IMYMA OCHOBHO rpynibl —-NH 1 mpoTOHMpPOBaHNS MOJIEKY/IBI BOABL,
KOOpAMHALMOHHO CBA3aHHONM ¢ Mera/wioM. Ha ydactke pH or 7 mo 12 ocHOBHasA rpymma
JIeIIPOTOHMPOBAHA IOJIHOCTBIO, M HET [JpPYIMX MOHMBMPYIOIIMXCS Tpynn (aMMOHAs He
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VIOHU3UPYETCs B JAHHOM JiJalla3oHe, 00pasyeT BOJOPOAHBbIe CBA3M). JINTOPUIBHOCTD >2, 4TO
faeT MHPOPMALIMIO O Xopolleii abcopbiyy, buogocrynHocTy [23].

Kommekc ¢ Mn?** (3) (pmc. 12, xpmBas 3) wumeer cnabylo IIOCTEIIEHHO
JIeIIPOTOHVPYIOIYIOCS OCHOBHYIO rpyity —NH, 4To yBe/muuBaeT MMnopuibHOCTb MOIEKYIBL,
B guanasoHe pH = 6-11 3HayeHue NOCTOAHHOe. 3HadeHMe 1,9 eMOHCTPUPYET XOPOLIYIO
abcopOLMIO ¥ OMOZOCTYITHOCTD, YTO MOXKET OBITh CBSI3aHO C OTCYTCTBYIEM KOOPAVHMPOBAHHOI
BOZIbI, KOTOpas SAB/AETCS TUAPOdMIbHOI (deM Ooblile MOJIEKY BOJBI U 4eM CUIbHee CBS3b
«metawi-H,O», Tem Huxe log D).

log D .vs. pH (1)

=2
]
a
o
-
=]
[
(5]
[
S

logD

-10
pH

—@— Sk (1)—@—Cu-Sk (2) Mn-5k (3)

Puc. 12. I'padmk 3aBucumoctu log D ot pH ms Sk (1), [CuSk,(H,0)](NOs),, [ZnCly-Sk]

Coennuenne ¢ Co** (4) (puc. 13 xpuas 4) geMoHcTpupyeT Huskuii pocr log D B
[ManasoHe HM3KUX 3HadeHuit pH, 4To CBA3aHO ¢ MOCTENEHHO JEeNpPOTOHMPYIOLIeicsa crmaboi
ocHoBHo1 rpymsl (-NH wim koopayHanyonHoit Bopoir). B obmactu pH = 6-11 mnnodnibHOCTD
BO3pacTaeT He3HauMTeNnbHO. B obmactu 6onee Bpicokux pH munopmmbHOCTD <2 03HadaeT
cpepgHIOI abcopbuVio M OMOAOCTYMHOCTh (NpUYMHA: [iBe TUAPODUIbHBIE MOJIEKY/IBI
KOOPIVHAIVIOHHON BOJIBI).

Kommmekc ¢ Cd** (5) (pmc. 13, kxpuBag 5) XapakTepusyeTca BO3pacTaHUEM
MUIIOGMIBHOCTY BO BCeM paccMaTpuBaeMoM juanasoHe pH = 0-12, 4To cBsI3aHO He TOJIBKO C
rUAPOGUIBHOCTBIO, KOTOPYIO IIOBBIIIAIOT KOOPAVMHVPOBAaHHbIE HUTPAT-aHMOHBL, HO U
crepudeckyie 3¢ GeKThl, MPeNATCTBYIOIVE IPOHMKHOBEHNIO KOMIUIEKCA B IMIN/JHbIE CPEMIbL.

Komnekc La** co cnmpokapbonom (6) (puc. 13 kpuBas 6) XapakTepusyeTcsi CaMbIMMU
HuskuMu (B memoM mo pauamasoHy pH = 0-12) smHavemmamm log D. D10 cBfzaHO ¢
rUApOPUIBbHOCTBIO U crepudeckumu sddekramu (CBOVICTBA, BO3HUKAIOUME BC/IENCTBIE
Ha/IM4Vsl HUTPAT-aHMOHOB). 3HaueHne log D <0 ykaspIBaeT Ha IJIOXYIO IIPOHMI[AEMOCTD Yepes
K/IeTOYHbIe MeMOPaHBIL.

Coepnuenre Zn?** co crnupokapbornom (7) (puc. 13 kxpuBas 7) [eMOHCTpPUPYeT
nocrerneHHoe yBemyueHue log D B pmamasonHe pH or HM3KuX 3Ha4YeHWIT KO 7 BCIEACTBUE
Hammuyus cr1aboit ocHoBHONM rpynmbl NH, KoTopasd IIOCTeNIeHHO HeNpPOTOHMPYETCH.
CrnenoBaTenbHO, MUMIOGMIBHOCTD MoBbimaercsa. B obmactu pH = 6-11 munmodumiabHOCTD
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IIOCTOSIHHA. 3HaveHMe IUIOQIIBHOCTM >2 CBUJETEIbCTBYET O Xopolleil abcopbuym u
6nopmocrynHoctu. Takoe 3HaueHme log D Moxer OBITH CBA3aHO C OTCYTCTBMEM

KOOPAVHIPOBAaHHOI BOJBI, KOTOpas ABJIAETCA IUAPOGIILHOI.

log D .vs. pH (2)

log D
(=]

-10
-12
-14

-16
pH

—— Co-5k (4) == Cd-5k (5) La-5k (6) === Zn-5k (7)

Puc. 13. I'padux saBucumoctu log D or pH mria [CA(NO;),Sk(H,0)], [LaSk,(H,0).(NOs)s], [CoSk(H,0)],
[CA(NO5),Sk(H,0)]

BriBoabl

CuHTe3MpoBaHbl KOMIUIEKCHBIE COeMHEeHMs CIMpokapboHa ¢ katmoHamm Cu**, Zn*,
Mn?*, Co*, Cd*, La*. Anamus VIK-cekTpoB MOATBEPANI KOOPAMHALINIO META/IIa C IUTAHLOM
yepe3 aTOM KUC/IOPOJia aMU/IHOI TPYIIIIBL, O YeM CBUJETeNbCTBYeT cMeleHne nonocel C=0 B
la/IbHEBOJTHOBYIO 00/1acTh. BemunHa cMmemenns cocraBmna 29 cm! (Cu?t), 15 em™ (Zn?*), 5 em™!
(Mn*), 28 cm™ (Co*), 32 em™* (Cd**) m 14 cm! (La**). MakcMMyMBbI IOTTIOIEHUS: Amax1 = 243 HM;
Amaxz = 235 HM; Amaxs = 269 HM; Amaxs = 515 HM, Amaxs = 269 HM, Amaxs = 263 HM. Ha ocHOBaHuUNI
pe3y/IbTaTOB JOKMHI-aHa/IM3a ObUIO IIOKA3aHO, YTO HaliJileHHas OMoyorndeckas MUIIEHb —
Q-CHYKJ/IEVIH CBSI3bIBA€TCS C JIMTAHJOM (CIIMPOKapOOHOM) ITOCPELCTBOM BOJIOPOJHBIX CBsI3€N
MEXJY aTOMaMy KUCIOpOoja M Bopopopa ammpHoy rpymnnsl 4,4,10,10-terpamerni-1,3,7,9-
TeTpaazocnupo|[5.5]yHaekaH-2,8-1y0Ha M aTOMaMy BOZOPO/ia M KUCTIOPOZia aMUHOKVICTIOTHBIX
ocTaTKOB Oenka. VccmepmoBaHyue Ha MMNOQUIBHOCTD IIOKAa3ao XOpoUIyl abcopbumo u
OMOOCTYITHOCTD I KOMIUIEKCOB ¢ Zn**, Mn** B amamasone pH = 6-11 (pna nuranpa
nokasatenu yMepeHHble). llomydeHHble [aHHbIE [AIOT INMPOKME IIEPCIIEKTUBBI IS
Jla/IbHeIIIero 6MOMeVIITHCKOTO TPMMEHeHNs CIHMPOKapOOHa M KOMIUIEKCOB MeTalla Ha

OCHOBE JaHHOTO JINTAHJIA.
Kondmuxkr maTepecon

ABTOpBI 3asAB/IAIOT 00 OTCYTCTBUY KOHQIMKTA MHTEPECOB B (PMHAHCOBON MM KaKOIi-

6o nHo cdepe.
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Kniwouesvie cnosa: ~ Annomauus. ITonyuen HaHOKOMNO3UM cepebpa Ha Mampuie npUpooHo2o NOIUCAXAPUOA
2yaposas Kkameov, - 2yapoeoii Kameou, Cuiumoii 6opamHvimu mocmukamu. Memannuueckue HAHOHACHULbL
HAHOHACMULbL NonyueHvl BOCCMAHOBNIEHUEM UOHOB cepebpa nod Oelicmeuem  NOMUCAXAPUOA.
cepebpa, kamanus,  Obpasosarue HAHOKOMNO3UMOB HOOMeepoeHo memodamu Y-, VIK-cnexmpockonuu u
soccmanosenie, penmeenosckoil ougpaxyuu. Ilomyuennviii nonumepHvlil HAHOKOMNO3UM NPOSE/IAem
4-numpogperon KAmanumuyeckylo akmueHoCmov 6 DPeakyuu 60CCMaHosneHus 4-Humpogerona

6opeudpudom Hampust 8 MIKUX YCI0BUSIX.
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BBenmenue

Hutpoapomarnyeckue coefiMHeHNs, COfEp KalMecs B CTOYHBIX BOJIaX NPENIIPUATUI
XMMMYECKOJ TPOMBIIITIEHHOCTH, IIPE/ICTAB/IAIT OMACHOCTD /I BOAHON (opbl 1 dayHbl, a
TAIOKe J/IA Ye/IoBeKa Iake NPV HU3KUX KOHIeHTpauysAx. 4-HutpodeHon oTHeceH KO BTOpOMY
kmaccy onacHocty ¢ ITJJK 0,02 Mr/i1 B Bofe X03ACTBEHHO-IMTbEBOTO ¥ KY/IbTYPHO-OBITOBOTO
BOJIOTIO/Ib30BAHMA. Y[JaZieHue 3TOTO COEAMHEHMA, a TaKXKe IPYIMX HUTPOAPOMATUYECKUX
COENVHEHMN, U3 CTOYHBIX BOJI SABNIAETCA aKTyalbHONM 3ajadeir. B cBoro ouepenp
BOCCTaHOBJIeHME 4-HUTPpOo(deHO/MIa IPUBOAUT K 4-aMMHO(PEHOTY, KOTOPbII MICIONb3yeTcsA KaK
KOMIIOHEHT KpacuTeNleil g MeXa, ITOMYyNPOAYKT IpY IONTYYEeHNN PsAfla BOCCTAHOBUTENEN U
CEepHUCTBIX KpacUTeEeN.

B nacrosiee BpemMsA MonIydnao pasBUTIE HallpaB/IeHMe, CBA3aHHOE C MCIIONb30BAHNMEM
HAaHOYACTHUI, META/UIOB B KaveCTBe KaTaAM3aTOPOB BOCCTAHOBIEHMA. JTO CBA3AHO KaK C UX
BBICOKOJI y/Ie/IbHOJ IIOBEPXHOCTBIO, YTO IPMO/IVDKAeT KaTaan3 K TOMOTeHHOMY TUILY, TaK M C
Ha/IM49MeM Ha TOBEPXHOCTY HAHOYACTUI] 3HAUNTEIbHO OOJIbLIET! 0V aTOMOB MeTajlIa, YeM B
OOBIYHOM TeTepOTeHHOM KaTajamsaTope. BBomuTcA [a’ke TepMMH «HAaHOKATalu3», KOTOPBIN
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paccMaTpuBaeTcsi KaK CBOECOOPA3HBINI «MOCT» MEXJy Te€TePOTeHHbIM J TOMOTEHHBIM
KaTammsoM [1].

B xavecTBe KaTanM3aTOPOB BOCCTAHOBJIEHV OBUIN MCIIO/Ib30BaHbI HaHOYACTUIBI Rh, Pt,
Au [2, 3], ogHaKO IpeAIOYTUTENbHBIM SABJISAETCS MCIOMb30BaHMe HaHOYACTHI Ag [4], BBUAY
OTHOCHUTE/IbHOJI JeIIeB3HBI, KaTAIMTINYECKON aKTMBHOCTH, CEIEKTVBHOCTY, CTaOMIBHOCTHU U
BO3MOKHOCTY MHOTOKPAaTHOTO MCIOIb30BaHMA. Ha HavanmpbHOM 3Tare ObUIM IpPeANpUHATHI
HOTIBITKY KaTann3a KOJUIOVJHBIMY pacTBOPaMy HAaHOPa3MEepPHBIX YacTull cepebpa [5], ogHako
TaKye pacTBOPBI OBbUIV HECTAOWIbHBI U pa3pyLIanuch B TedeHue 20-30 gHeit. I crabunmmsanmmn
HAHOYACTNI] ObIIV MCIIONb30BaHbl HeOpPraHW4YeCcKue MaTpuIlpl, Takue kak Cu [6], xene3HbIi
Metasnorens [7], TiO; [8], CeO; [9].

Bonee mepcreKTMBHBIM IPEACTaB/IAETCS VCIONb30BaHME HAHOYACTUI] IOJIIMEPOB B
KavyecTBe MaTpPUI] JyIsI CTaOMIN3aIy KOIOUMIHOTO cepebpa. B kayecTBe MOZOOHBIX MaTpuly
VICIIOb30BaMN coronymMepsl N-usonponmtakpwiamuza [10-12], crupona [12, 13], nuppona
[14], xOTOpBIe HOTYy4YalOT SMY/IbCMOHHON IONMMMepu3alyeil. YYUTbIBasA TO, YTO PeaKIVs
BOCCTaHOBJICHNA 4-HUTPO(EeHO 1A IIPOTEKaeT B BOJXHOII Cpefie, BIIOIHE JIOTMYHO UCIIONIb30BATh
B KayecTBe HOCHUTeJIeNl HaHO4YacTul cepebpa rugpoduiIbHble IPUPORHbIE IIONVCAXAPUJIBL.
JI3BecTHO MCIIONIb30BaHNMeE arapa, MeKTWHA M KapOOKCHMeTIILe/UIIoN03bl [15], akcTpakTa 13
JIMCTbeB Tpommdeckoro pactenus Cucumis maderaspatanus [16], HonMaMMHOLVKIOAEKCTPUHA
[17], rpadTcononnmepa xurosana ¢ N-M30MPONMIAKPUIAMUIOM ¥ aKPUIOBOT KMCmoToii [18].
J1OCTOMHCTBOM NpUMEHEHMS 9TOTO K/Iacca MOIIMEPOB ABJAETCA U TO, YTO BOCCTAHOBJICHNE
1oHOB Ag' 10 Ag’ MOXXeT IPOMCXOANTD 6e3 y4acTuss BOCCTAHOBUTE/IA, B KaueCTBe KOTOPOTO
ob6bryHO mcronb3yerca NaBH,, mop peiictBueM (QYHKUMOHAIBHBIX TIPYNII  CaMOTO
nomcaxapupa [15, 16, 19]. OgHyuM 13 HanbosIee pacIpoCTPaHEHHBIX ITO/IVICAXapY/IOB ABJIAETCA
ryapoBas kamenb (Guar gum, GG). OHa OTHOCUTCA K TIpyIIle TATAKTOMAHHAHOB 1 B CBOEN
CTPYKTYpe COmep>XuT 3BeHbs (1-4) f-D-MmaHHONMpPaHO3BI, KOTOPasi CBsI3aHA B KXX/JOM BTOPOM
IIUKJIe CO 3BeHbAMM a-D-ramakrossl [20]. ['yapoBas kaMmeqb HAXOAUT MINMPOKOE IPUMEHEHNE B
HedrenoObIde, MeIVIMHCKON XVMMM, CUCTeMaX OYMCTKM BOJBI, OYMa>KHOJ, TeKCTU/IBHOIL,
KOCMETIYECKOI, MIIEBO, CeTbCKOXO03AICTBEHHO IPOMBIIIEHHOCTH U IPYTUX OTpaciax [21].

Ilenpro HacTOAMIEN PabOTHI ABIAETCSA MCCIEOBaHME BO3MOXKHOCTY JCIOTb30BAHMUSA
HAHOYACTUI[ cepebpa Ha MaTpulje TIyapoBOil KaMeAM B KadecTBe KaTajayu3aTropa
BOCCTAHOBJIEHMS 4-HUTpOGeHOoa.

3KcnepumeHTaanaﬂ 4acThb

Y®-ciektpsl  permcTpupoBamy  Ha  crekrtpogoromerpe  W&J]  UV1600PC ¢
UCIIoNb30BaHueM nporpammHoro obecredenuss LEKI ScanPro. Vsmepenms mposopmmm B
muanasoHe aanH BoaH oT 200 go 500 HM.

VIK-criexTpsbl peructpupoBany Ha ciekrpoMerpe Bruker Vertex 70 ¢ mpeobpasoBaHuem
®ypre, ocHameHHoM mnpucraBkoil Platinum ATR m anmasnoit mpusmoit (4000-400 cm™,
paspemenne 2 cm™).

IudpaxkTorpaMmbl nomydeHsl ¢ nomoinbio audpakromerpa Thermo ARL X'TRA ¢
usnmydenvemM Cu-Kq (K.=1,54443A). Tlpumensnmuch cuma Toka 35 MA n Hampsxenue 45 KB,
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VIHTeHCUMBHOCTD JVQPaKIuy WU3MepsIach HpPYM CKOPOCTM CKaHMpOBaHWA 2°/MMH, a

u3MepeHHble 3HaueHus1 20 Haxoaunuch B guamnasoHe ot 10 go 80°.

CuHTe3 HAaHOKOMIIO31TA IyapoBasa KaMmenb/cepedpo (GG/Ag)

196 M IUCTUIMPOBAHHOM BOMABI BBIIEP>KMBAIM IIPY KOMHATHOM TeMIIEpaType IIpu
IIOCTOSIHHOM MeXaHM4eckoM nepemernyBanuy (500 06/MuH), octe 4ero fo6aBIsmm B BOAy 4 T
KOMMepueckoro obpasua ryaposoit kamepmu (Vupms). Yepes 30 MuH mepeMelyBaHUsA
nobapism B pactBop mnomucaxapupa 1,36 r AgNOs B COOTBETCTBMM C €r0 KOHEYHOI
KOHI[eHTpaluell B pacTBope (40 MMOJIb/ /), TIOC/IE Yero nepeMelnBany B Tederne 30 MuH npu
500 06/MuH.

Yepes 24 4 Bblfilep)KMBaHNUA B TEMHOTe HAOIIOfaMM M3MEHEHMe IIBeTa pPacTBOpa C
OecIIBeTHOTO Ha TEeMHO-KOpM4HeBbIiT. OTéypany 50 MJI JaHHOTO pacTBOpa 1 pa36aBsy B 50 My
BOZbI 10 OTHOPOJHOM KOHCUCTEHLIVIN.

C noMompo mmpuua 5 MJI FOMOT€HM3MPOBAHHONM CMeCH IPMKANbIBaIM B CTaKaH,
copep>xammit 100 M1 alleToHa, Py 9TOM Hab/IIO#anoch obpasoBaHue cPepryecKuX IPaHyI
IVaMeTpoM 2-4 MM, KOTOPbIE OCTaBJIA/IM B alleTOHE Ha 2 4.

[Tocrme aToro rpaHynabl OTOWIBTPOBBIBIM U3 alleTOHA, BBICYIIMBA/IM Ha BO3[LyXe B
TedeHue 1 4 1 3aTeM nepeHocwau B 100 M 1%-ro BOGHOTO pacTBOpa TeTpabopaTta HaTpus U
BBIIEP)KMBA/IY B TedeHMe 4 4 I obecredeHVs NOCTAaTOYHON CIIVBKU MEXIY KaMe[blo U
6opar-roHaMu.

I'panynbl OTMIBTPOBBIBAIY, IPOMBIBAIN AVCTVWUIMPOBAHHOI BOXON ¥ alleTOHOM JIO
HEMTPa/bHOM Cpefbl II0 MHAMKATOPY M BBICYIUMBaIM IIpM KOMHATHOM TeMIlepaType.
BoicynienHble TpaHy/nIbl YMEHBIUMINCh B [Ba pasa II0 CPaBHEHMIO C II€PBOHAYa/IbHbBIM
pasMepom.

Katanurnmdeckoe BoccTanoBneHne 4-HuTpodeHoNa

B xroBeTy creKTpodoTOMeTpa C JIMHON ONTUYECKOTO IMyTH 1 CM, copep Kaiyio 3 M
BOJIHOTO pacTBopa 4-HutpodeHona c¢ xoumenrpanueir 10 mr/m, BHOocwam 10 Mr yactmig
Karanusatopa un HaBecKy NaBH, u3 pacuera, 4To KOHEYHasd KOHIIEHTPALMA BOCCTAHOBUTEIA
coctaBuT 20 MMmonb/n1. CMech HEMEJIEHHO IlepeMelVBalIM M IIOMEIIAIM B KIOBETHOE
otzienieHne crekTpodoromerpa. Xop mpolecca KOHTPOIMPOBAIY, NEPUOANYECKN CKaHUPYS
peaKkMoHHYyI0 cMech B inanasoHe 200-500 HM.

OcHoOBHasA 4YacTh

[TocTpoeHMe HAHOKOMIIO3UTOB cepebpa Ha OCHOBe TIyapoBOMl KaMeay OBbLIO
OCYLIECTB/IEHO II0 HPUHLIMITY «CHM3Y-BBepx» (“bottom-up” nanotechnology), a vmeHHO
BOCCTQHOBJICHJEM MIOHOB cepebpa 0 4acTuI] pa3MepoM 0KoJo 10 HM ¢ IOMOIIBIO IEPBUYHBIX
TUIPOKCV/IBHBIX U /IbJIeTVTHBIX TPYIIII ITOJIVICaXapy/ia.

O6pa3oBanme HaHoyacTMl] cepebpa (mo cTagum cuMBaHuUsA OoOpaT-MOHAMM)
HOATBEPXKIAeTCsI OODBEKTMBHBIMM NAaHHBIMU, @ MMEHHO IIOBEPXHOCTHBIM IUIa3MOHHBIM
PE30HAHCOM, YTO IPUBOJUT K MOSIBIEHNIO MaKCUMyMa ror/olierns B Y O-crekrpe. OObIYHO
HAHOYACTHIBI cepebpa HAIOT OTHENbHBIN MUK IOrIomeHns Mexay 390 n 420 HM. B Hamem
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cryyae (puc. 1) pasMBITBII MaKCMMyM IIOIJIOLIeHVS IIpu 428 HM CBUJETEIbCTBYET 00
M3MeHeHNM pa3MepoB, GOpMBI UM cocTaBa qacTul]. CKopee BCero, CABUT B AJIMTHHOBOTHOBYIO
o65acTb OOYC/IOB/IEH OTKIOHEHUEM OT C(epUYHOCTY O00pas3yloIyXcad 4YacTuI, a He
yBe/lM4eHueM pa3Mepos [22].

< 10 428
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A, HM
Puc. 1. Y®-crexTp pacTBopa IryapoBoOii KaMenu ¢ HaHOYaCTUIIaMM cepebpa

[/t moporkoo6pasHoro 06pasiia, MoIy4eHHOTO IOC/Ie BBICYIIBAHA, OBUI CHAT CIIEKTP
peHTreHoBcKoM pudpakumy. CrekTp MCXOgHOro obpasia ryapoBoil kamenu (puc. 2)
HpefCcTaB/IAeT OMMOJaNbHOe aMOpHOe Tao C BBIpAXEHHBIM pedrekcom mpu 20 = 20,5°.
AHaJOTMYHBIN CIIEKTP MPYUBEJEH U B IMTEPATyPHBIX JAHHBIX [23].
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Puc. 2. ludpaxrorpaMma UCXOJHOI IyapOBOil KaMeau

CnexTp nmomucaxapupa (puc. 3), CofepsKalero HaHOYaCcTUIIBI cepedpa, TTOATBEPXKAALT UX
HpuCyTCTBUE B 06pasiie. Tak, BpIpakeHHbI pediekc mpu 26 = 39,3° cOOTBETCTBYET IJIOCKOCTY
111 rpaHelleHTpMPOBAHHON KyOmdeckoit pemerku. Pedexc npu 20 = 46,4° cOOTBeTCTBYeET
wiockoct 200. 3HavyeHMs BBIIVIARAT HECKONbKO 3aBBIIIEHHBIMM 110 OTHOLIEHUIO K
KIaccuyeckuM 3HadeHusAM (38,1° u 44,3° COOTBETCTBEHHO), OJHAKO, KaK M B CiIy4dae C
Y®-criekTpamMy, 3TO MOXXHO OOBACHUTb MCKOKEHMAMM KPUCTAUINYECKON PELIeTKY,
BBI3BAaHHOJI ee HEeIONTHON CPOPMMPOBAHHOCTBIO ¥ OTKIOHEHMSAMY OT IPAaBUIbHON (HOPMBL.
Pedmexcer mpn 20 = 21,5° n 23,8° OTHOCATCA K KPUCTA/UIMYECKUM CTPYKTypaM TI'yapoBOJ
KaMefiu.
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Puc. 3. ludpaxrorpamMma ryapoBoii KaMeay C HAHOYACTUIIaMI cepebpa

B MK-cnekrpe kameny ¢ HaHOYACcTUIIAaMM cepebpa IIPAaKTMYeCK) He HaOIIofaeTcs
CYIIECTBEHHBbIX OT/IMYMII OT aHAJOTMYHOTO CIEeKTpa MCXOAHON ryapoBoll KaMeanu. OpHako
OT/INYYA NOABIAIOTCS IOCTIe 00pabOTKI IpaHy/I pacTBOpoM TeTpabopara Hatpus. B VIK-crexrpax
HOJMICaXapuioB Harboee MHPOPMATUBHBIM U YyBCTBUTETbHBIM K ISMEHEHNAM B CTPYKTYpe
ABsIeTCs Auana3oH oT 1200 mo 1000 cM™, B KOTOPOM HAOIIOHAIOTCS TOIOCHI MOTTIOMIEHNUS
1148 cm! (BanenTHble konebanusa C-O B ¢pparmente CH,OH), 1059 cm” (acummerpuyHbIe
BasieHTHBIe Konebanusa Ce—O0-C,), 1015 cm! (kpyrmnbhble konebanns —CH,-). Ilpu cpaBHeHUN
CIIEKTPOB KaMeny J1o u nocie obpaborku Na,B,O; (puc. 4) 3aMeTHO MeHs1eTCsl MTHTEHCUBHOCTD
II0JIOC TIOIVIOIeHMSI B 9TOM AMarnasoHe. [Iponcxoanut cMmeleHne B IITHHOBOTHOBYIO 06/1aCTh

nosoc nornomenns 1015 cm! (mo 1030 cm™) m 1059 em! (mo 1070 cm).
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Puc. 4. VIK-cieXTpb! MCXORHOI 1 MOIU(DUIMPOBAHHON KaMexu

[lna mpoBemeHMs KaTanmsa Tpe6OBaoch cHOPMMPOBATh YACTUYKM KaTaaM3aTopa,
KOTOpble MOXXHO OBUIO OBl YZOOHO BHOCUTb B pPEarupymoLlyl0 CMech, W3BIEKAaTb MU
UCIIONb30BaTh IOBTOPHO. ['yapoBas KaMelb, ABIAACh XOPOIIO PacTBOPMMBIM B BOfie
IIOJIMIMEPOM, B TO )K€ BPeMs HepacTBOPMMA B psAJie CMEIIMBAIOIMXCSA C BOJOI pacTBOpPUTENEN

(3TaHOH, METaHOII, a].[eTOH). ATO OBIIO UCIO/IH30BAHO HAMM A1 ITOTYYE€HMA TpaHyIl IIONIMMEpa,
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KOTOpbIe BIIOCTECTBMY OBUIO yHOOHO NCIIONb30BaTh B PEAKIVAX KaTATUTHIECKOTO
BOCCTaHOB/IeHMsI. PacTBOp monmMepa, Harpy>KeHHOTO HaHOYaCcTHUI[aMU cepebpa, ¢ pasInaHO
KOHIIEHTpalueil BHOCUIM C TOMOIIbI0 MEIMIMHCKOTO INIPUI[A B CTaKaH C al[eTOHOM, IZie
6bICTpO 00pa3oBBIBAINCH Chepryeckiie rpaHy/bl AuaMeTpoM 2-4 Mmm. Hanbornee yno6HbIM mys
00pasoBaHus M30/IMPOBAHHBIX TPaHy/I OKasancs 1%-HbIl pacTBOp Kamefnu. B aTom ciydae
00pa3oBbBIBA/IIICD YCTONYMBLIE K CTIUIIAHVIO OT/ie/IbHble IpanHy/bl. [1pu ucnonb3oBanmm 2%-0ro
pacTBOpa MCTeYeHNe Yepe3 COIUIO MEAUIIMHCKOTO MIMPUIIA IPOUCXOANIO OY€Hb MEJIEHHO, YTO
IPUBOAWIO K 00pa30BaHMIO BBITAHYTHIX YacTul. CTPyKTypa 00pa3oBaBLIMXCA I'PaHY/I OblUIa
3aKperUIeHa IPOYHBIMY KOBaIEHTHBIMU MEXXMOJIEKY/ISIPHBIMM CBA3SIMI, 0OpasyeMbiMu Gopart-
MOHAMIL.

[TonydyeHHble TpaHyIbl KaTaaysaTopa ObUIM JCIIONB30BAaHBI JIsi BOCCTAHOBJICHMS
4-uurtpodenona. Peakiyusa BoccTaHOBNIeHNs 4-HUTPO(dEHOMa TEPMOANHAMMIYECKN paspelieHa,
OJIHAKO B OTCYTCTBME KaTa/IM3aTopa MpOTeKaeT O9eHb Me[/IeHHO. be3 BHeceHMs KaTtam3aTopa

OIITMYeCKas INIOTHOCTD B KIOBETE OCTaeTCA MPaKTNYeCK HeM3MeHHOII (puc. 5).
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Puc. 5. YO-cnekrpsl 4-HuTpodeHoNa B OTCYTCTBYUE U B IIPUCYTCTBUY OOPTUpUA HATPUS

VicxopmHblit cieKTp 4-HuUTpodeHO/Ma XapaKTepu3yeTcsi MaKCMYMOM IIOT/IOIeHNS IIpK
316 HM, OfHAaKO B IPUCYTCTBUM OOPIMApPUAA HATPUSA IPOMUCXOAUT OATOXPOMHBIN CABUT U
MaKCUMyM IIOTJIoLleHNs1 cMemjaercs B obmacte 400 M. ITocnme pobaBnenuss 6opruppupa
HaTpyA IPOUCXOANT IIOCTENIEHHOE YMEHbIIeHye nornomenns npu 400 HM ¥ COOTBETCTBYIOILEE
HapacTaHyue ONTUYeCKoi maoTHOoCcTu mpu 300 HM (puc. 6), YTO CBSI3aHO C BO3pacTaHMEM
KOHIleHTpaluu 4-amuHodeHona. B xoxe saToro nmporiecca Bogopos, obpasyrommmiicst n3 NaBH,,
CIIOCOOCTBYET IepeMeIlVBAaHUI0O pPacTBOpa M YyAaIsgeT BO3AYX, IPefoTBpalas OKUCICHVE
4-amnHO(eHONMa Ha BO3fyxe. BmecTe C TeM, Iy3bIpbKM CKa3bIBAIOTCS Ha KOPPEKTHOCTYU
M3MEPEHMA ONTUYECKON IUIOTHOCTM, B HEKOTOPBIX CHOy4asgX [enasg 3TO IPAKTUYECKU

HEBO3MOJXHbIM.
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Puc. 6. YO-criekTps! 4-HUTpOGEHOA U IPOJYKTOB €r0 BOCCTAaHOBJIEHNS

Ha puc. 7 u puc. 8 npencraBieHbl 3aBUCMMOCTH ONITUYECKON ITIOTHOCTY 4-HUTpOodeHOoTa

u 4-amMmHOQeHOoa I CIIUTOro TeTpabopaTroM KatamusaTopa mpu 400 u 300 um. Kak BupHO,

peakIya 3aBepuraeTcs 3a 15 MUH, 4TO CBUAETENbCTBYeT 00 9¢p(PeKTMBHOCTY MCIIOIb3yeMOTrO

KaTajnmsaTtopa.
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Puc. 7. 3aBUCMMOCTD ONTHYECKOI IITOTHOCTH 4-HUTpOodeHona npyu 400 HM B IIpoLjecce BOCCTAHOBTIEHS
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Puc. 8. 3aBuCcHMOCTD ONTIYECKOI ITOTHOCTH 4-aMuHOpeHoa Ipy 300 HM B IIpoljecce BOCCTAHOBJIEHNS
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BoeiBoabl

[Tony4yeH HaHOKOMITO3UT cepeOpa Ha IOMMMEPHOI MaTpulie TyapoBOJ KaMeaMt, CIIUTOI
6opaTHbIMU MocTVKaMy. HaHouyacTuIis! cepebpa momydeHbl BOCCTAaHOBJIEHMEM IOHOB cepebpa
GbYHKIMOHATBbHBIMM IPYNIIaMy Tonncaxapuzaa. O6pasoBaHue HAHOKOMIIO3MTA MOATBEPK/IEHO
meromamyu  Y®-, VK-cmekrpockonmmy U peHTreHoBCcKol mmdpaxmym. [lomydeHHBIN
IIO/IVIMEPHBINI HAaHOKOMIIO3UT TIPOAB/AET KATaIUTUYECKYI0 AKTMBHOCTbD B  peaKLuyu
BOCCTAHOBJIeHNS 4-HUTpodeHOoma OOpIUApuUAOM HATpus NpY KOMHATHON TeMIleparype B
MMHYTHOJ IIKajle BpEMEHMN.
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Kniouesvte cnosa: Annomauus. B nacmosuweti pabome nokasaHa 603MONCHOCHb MNOTYHeHUS
npoussooHvle eppouera,  NPOCMbLX IPUPOB HA OCHOBE B-OUUOPOKCUKCUTIDHBLX NPOU3BOOHBIX eppoteHa.
I-¢peppouerun-1,3- B xauecmee ucxo0H020 coedunenus ucnonviosanu 1-geppoverun-1,3-6ymarnouon.
6ymanouon, Cmpyxmypa nonyuenHvix coedunenuti noomeepucoena dannvimu MK-, IMP 'H
anudamuueckue CHUpmol,  CNEKMPOCKONUU U ITIEMEHINHO20 aHAnu3a. Vccnedosanvl c60ticmea nomyHeHHbIX
cepHas Kucnoma npou3sooHvIX eppoyena.

Ina puTupoBaHus:

Anppuesckas H.B., ITomsaxos b.B., AnekceeBa E.C., Bracos B.B. Ilomydenme mpocThix a¢upoB Ha OCHOBe
B-murnppoKCcHIBHBIX MPOM3BOAHBIX (eppouena // OT XuMuy K TEXHOIOTUM Iuar 3a marom. 2025. T. 6, Beim. 3.
C. 115-119. URL: https://chemintech.ru/ru/nauka/issue/6423/view

BBenenue

DepporleH U ero IPOM3BOAHBIE HALUIM ILIMPOKOe IpPUMEHEHUe B KadecTBe
MOAU(NUKATOPOB ¥  CTAOWIM3aTOPOB IOMMMEPOB, MHUIMATOPOB ¥  aKTUBATOPOB
BY/IKaHV3alMM PE3VHOBBIX CMeceil, IIOIMIOTUTENeN Pa3IMYHbIX BUJOB M3IYYeHMI, BKIIOYas
KOCMMYECKMe, a TaKKe B KauecTBe Ppery/siTOPOB IPOLIECCOB TOPEHNs, IIOMMMEPHbIX
KOMITO3VILIMII ¥ BBICOKO9((PEKTMBHBIX HETOKCUMYHBIX JIEKAPCTBEHHBIX BelecTB. CoeHeHN
beppolieHa CIIONB3YIOTCS IS YIIPaB/IeHUs TOPEHMEM TBEPABIX paKeTHBIX TOIUIUB, B TO BpeMsI
KaK XXMIKIe IPON3BOHbIe peppolieHa TaK)Ke BBICTYHAIOT B POJIN IIACTU(PIKATOPOB.

[Iupoxkuit  CHeKTp TNpUMEHEHMsi HPOUSBOAHBIX (eppoleHa  oOycraBIuBaeT
HEOOXOAVMOCTb ~ paspabOTKM  HOBBIX  COEJMHEHMII C  HECKONbKMMM  aKTUBHBIMU
¢yHKIVOHATBHBIMY TpyninaMu. OCOOEHHO MHTEePEeCHBIM ABJISIETCS BBefleH)e B OOKOBYIO Liellb
(beppoLleHNIbHBIX TPOM3BOAHBIX 3aMeCTHUTeNIel, CofepKalux S¢upHble TIpynmel. ITO
OTKpBIBAe€T Ype3BbIYAIHO IIVPOKNE BOSMOXKHOCTM [UIA IIOMCKA  IIPAKTUIECKOTO
VICTIO/Ib30BaHVS 9TUX COAVMHEHNIT B pa3INuHbIX 067acTsax [1-9]. Hamnbornee nepcrieKTMBHBIMU
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Y IVICKYCCOHHBIMM HAIIpaBJIEHVAMM IPUMEHEeHMs IPOM3BOAHBIX deppolieHa ¢ apUpHBIMIL,
QIKWIbHBIMM ¥ KOMIUIEKCHBIMM 3aMECTUTENSAMMU SABJIAIOTCA IONMMEPHbIE KOMIO3ULIM U
TBEpPAOTOIUIMBHbIE CCTEMBI, KOTOPbIe XOPOILIO COBMECTUMBI IPYT € ApyroM [7, 9].

OcHOBHasA 4acTh

B xauecTBe 1cxogHOro (heppoIIeHOBOrO COeAMHEH s OB MCIIONb30BaH 1-pepporieHn-
1,3-6yranayosn. To coeayHeHe 00IaiaeT ClIOCOOHOCTHIO 3aMellaTh ATOM BOZOPO/a Ha ATOMBI
META/UIOB, @ TMAPOKCM/IbHBIE TPYNIBI — Ha IIMPOKWUII CHEKTP aJIKWIbHBIX ¥ apVIbHBIX
samectureneil. Kpome toro, oHo Mo)xeT 00pa3oBBIBATb IPOCTBIE U CIIOXKHBIE 3QUPBI, YTO
OTKPBIBAeT BO3MOXXHOCTY JIsI IIONy4eHVsI MHO)XECTBAa HOBBIX COENMHEHMII M pacIiupsieT
0671acTh IpUMEHEeHMs IPOV3BOAHBIX (eppoueHa. CHMHTe3 HOBBIX BEI[eCTB IPOBOAWMICA IIO
MeTOJIVIKe, aHAJIOTMYHOII TOI, YTO IpefcTaBieHa B muteparype [11]. OgHako, y4nThIBas, 4TO
IPOM3BOAHbIE (eppolieHa CKJIOHHBI K paspylIeHNMI0 MeTa/UIOOPTaHMYeCKOTO Afipa B Cpefie
CMabbIX  KMUCIOT WM CWIBHBIX  OKVC/INTeNel, OBUIO  IPEMJIOKEeHO  MCIIONIb30BaTh
KOHILIEHTPYPOBAHHYIO CEPHYIO KMC/IOTY B Ka4eCTBE areHTa, CO3/IAIONIET0 YCTOMYMBYIO KVICITYIO
cpeny, KOTOpas He OKVIC/ISIeT MeTa/UIOLIeHOBOE SPO.

Hannume #BYX TUAPOKCUIBHBIX TPyHI B OOKOBOM 3aMeCTUTeNe II03BONISET IIpU
B3auMozelicTBun 1-¢pepponennn-1,3-6yranamona ¢ anudarudeckuMy CIUpTaMy HOTy4aTh
npoctele 3gupsl pepporieHa. Ty 3PpUpPhI CIIOCOOHBI OKa3bIBaTh MOAM(ULIMpPYIOLIee BIUAHMIE
Ha pas3/MyuHble OKMCINTEIbHO-BOCCTAHOBNUTEIbHbIE IIPOLIECCHI ¥ CUCTEMBL. Peakuys
B3aUIMOJIEJICTBMSI 9TUX BELIECTB MOXKET IPOXOAUTH IO JBYM TIMIPOKCUIBHBIM TIpYIIIaM,
IpUBOJA K 00pa30BaHNUIO TPEX IIPOAYKTOB: MOHO-0- 11 Y-3aMeIl[eHHOTO IIPOAYKTa, a TaKoKe M-
- ¥ Y-3aMeIl[eHHOTO IIPOAYKTA.

[lns momydeHMss TpPOCTBIX 3QUPOB HeoOXOAMMa KKC/Ias Cpefa, KoTopas Oyxer
KaTa/lM3MpOBaTh Ipoliecc. B kayecTBe KaTanmsaTopa /st IpOBeieH sl peakuuy OblIa BbIOpaHa
KOHLIEHTPYPOBaHHAsI CepHast KUCTIOTA.

[Tocko/IbKy peakipysa MOXeT IIPOTeKaTh MO ABYM TUIPOKCUIbHBIM IPYIIIIaM, BO3MOXXHO
oOpasoBaHue COeNUHEHNUI KaK MO -, Tak ¥ Ho Yy-rpynmam. OfHaKo u3-3a TOTO, YTO
TUJIPOKCUTPYNIIA B  O-TIOJIOKEHMM (eppOLCHIIBHOTO 3aMeCTUTeNA sABAeTcs  0Oosee
CTepUYeCK) 3aTPYHEHHOI 110 CPAaBHEHMUIO C Y-TUPOKCUIBHOI IPYIIIOi, 60/Iee BEpOSITHBIM
CTaHOBUTCS obpasoBaHme 1-dpepporeHni-1-rugpokcu-3-ankokcnbyrana. Kpome Toro,
y-TUAPOKCWIbHAs rpynma obnagaeT OoJblleil aKTMBHOCTBbIO Oarofjaps MeHbIIEMY
VMHAYKTVBHOMY BVISHMIO METIIBHOTO 3aMeCTUTeNs IO CPaBHEHMIO C MHAYKTUBHBIM
a¢pdexToM PeppOLeHNIBHOTO 3aMeCTUTEIS, BO3/IEICTBYIONNM Ha A-TYPOKCIIBHYIO TPYIIILY.

B kadyecTBe MOOOYHBIX IPOAYKTOB VMCYEPIIBIBAIOLIETO 3aMellleHNs ObIIY 0OHapY>KeHBI
CJIeIbl MOHO3aMeIIeHHBIX (epPOLIEHIICIIMPTOB KaK I10 d-, TaK U II0 Y-TPyInaM. Y BelndeHne
BpPEMEHU peaKIUy ¥ TeMIIepaTypbl PeakUuy MPUBOAUT K CHIDKEHUIO BBIXOZIAa OCHOBHOTO
IPOAYKTA 13-3a OTIEeIUIeHN 3VPHBIX IPYIIL

BsanmopeiictBue 1-¢depporennn-1,3-6yrananona ¢ anndaTudecKuMy COMPTaMyu B
IPUCYTCTBUY CEPHON KMC/IOTBI B TedeHuUe 3 4 IMPUBOAUT K 0Opa3soBaHMIO amndaTIIecKx
apupos (I-1V), sABnAOIMXCA NPORYKTAMM 3aMelleHNs 00euX TMAPOKCUIbHBIX TPYII C
KOJIMYECTBEHHBIM BbIXOJOM (cxema 1).
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R R
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R-OH | |
CH—CHZ—CH—CHg, - @ CH—CH;—CH—CH3  + H,0
: H2804 :
Fe Fe

R = CHj (1), R = C3Hs (1), R = C3Hg (Ill), R = C4Hg
Cxema 1. CunTes mpocTeix a¢upoB 1-dpeppouenn-1,3-6yrangnona

KoHTposnb 3a XO[OM peakuuy U WHAMBMUAYATbHOCTBIO IIOTYY€HHBIX COEIVMHEeHMIA
ocymectssamu ¢ nomompio TCX Ha mractunax Silufol (YexocnmoBakus), s7MI0€HT TOMYOT :
sTunanerar 1:1, meTeKTMpoBaHMe IATEH B IapaX MeTAIMYecKoro itofa. Il KOTOHOYHOI!
xpomarorpadum ucrnonb3oamm cunukarens Silicagel L 100/200 (Chemapol). VIK-criekTps
3anmucanbl Ha criektrpodoromerpe VIKC SPECORD 75IR B nntepBane 4000-400 cm™' B rteHKe
Ha mmH3ax KBr. Cnexrpsl IMP 'H perucrpuposannu Ha npubope Bruker Avance III (600 MTI'n),
BHyTpeHHUN cTanmapT - TMC, pacrBopurens CDCls. DmeMeHTHBIN aHamu3 BBIIOTHEH HA
CHN-anammsatope Vario EL III. TemmepaTypbl IUIaBlIeHMS OIpefeNsiIM B OTKPBITHIX
Karmwurapax Ha npubope ITTII (TY 25-11-1144-76).

BoiBoabl

CunresupoBanbl  amearndeckue 3¢upsl  1-pepporenni-1,3-anKkoKkcuOyTaHOB.
[Tony4eH psag npocteix a¢upos 1-depporenn-1,3-6yranamnona ¢ amidaTnyecKuMm CIUPTaMu
NVHEeNHOI cTPyKTypHl. [lokasaHo, 4To B3auMoyericTBIe amuaTiiecKoro CIpTa MPOUCXOANUT
10 JIBYM TMJPOKCWIBHBIM rpymnam 1l-¢epporennn-1,3-6yrananona. OnpeneneHbl yCIOBNs
IpoBefieHNs peakiuu Mexpay 1-deppouennn-1,3-6yrananonom u amupaTnyeckuM COMPTOM.
YBenmdeHne aIKMIbHOTO 3aMeCTUTENA B ami(aTHIeCKOM CIIUPTe IIPUBOAUT K CHIDKEHNIO er0
PeaKLUMOHHON CIIOCOOHOCTM, YTO, B CBOIO O4Yepedb, BIMsSET HA BBIXOJ NPOAYKTA, KOTOPBIN
TaK>Ke YMEHDIIAETCA.

IKCHepUMEHTAIbHAsA 9aCTh

1-®epponennn-1,3-merokcnbdyran (I)

3,33 1 (0,012 monb) 1-peppouennn-1,3-6yranpnona, pactsopsm B 83,24 mi (2,6 MOIb)
METWJIOBOTO CIMpPTa U Tpu mnepeMmemvBanuu pobasmsum 21,44 mn (0,12 mornb)
KOHLIEHTPMPOBaHHOI (96%) cepHOI K1cmoThl. Peaxuyio mpoBomym npu 75 °C B TeyeHme 2 4.
ITo oxOHYaHNM BBIIEP>KKM PEAKIIMIOHHYIO MacCy BbIIMBAJIN B JI€]], HEMTPan30BaIy PpaCTBOPOM
BOfHOTO amMMyaka. OCTaTOK 9KCTparupoBaay TONyoraoM. IIpomyKT oumiiany Ha KOJMTOHKe C
cwinkareneM (9moeHT - artwianerar). Beixom 3 r (81,74%). Tuw = 180 °C, uyepHoe
Kpucrajymdeckoe Bemecrso. VIK crextp, cm 2970, 1170, 1240, 1040, 1360, 1280, 1010, 870.
Haiizeno, % C 62.9, H 6.9. Beruucneno, % C 63.6, H 7.3. Criextp SIMP 'H, §, m. z1.: 4.10-4.30 m
(9H, Fc), 3.30-3.48 m (8H, 20CH, OCH;), 2.50-3.86 m (8H, OCH,), 1.80-1.86 m (2H,
CHCH,CH), 1.18-1.24 m (3H, CHs,).
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1-peppouennn-1,3-srokcubyran (II)

5 (0,018 monb) 1-¢depponennn-1,3-6yranamona pactsopsmt B 62,5 M (1,36 mMonb)
TWIOBOTO CIUpTa ¥ Npy IepeMemmBauyu pobapmum 16,1 mn (0,089 monb)
KOHIIEHTpMPOBaHHOI (96%) cepHoII KicnoThl. Peakuyio nmposopyy mipu 85 °C B TedeHne 3 4.
ITo oKOHYaHNUM BBIEP>KKM PEaKLMOHHYI0 MacCy BbUIMBAIN B JIef], K ITOTy4€HHOMY pacTBOPY
100aB/LAIN BOJGHBIM aMMMAK 1O HelTpanbHOU cpenbl. OCTaTOK SKCTPAarupoBaIyi TONYOTIOM.
ITpopykT ouniany Ha KOJIOHKe C CYIMKareneM (3/0eHT — aTuianeTar). Boxox 4,1 t (68,3%).
Tu = 147 °C, uepHO-KOpUYHeBOe KpucTaumdyeckoe Bemectso. VIK cmekrp, cm™ 2900, 1080,
1140, 1290, 1330, 1285, 1100, 1020, 800. Harimeno, % C 65.1, H 7.2. Beruucneno, % C 65.5, H
7.9. Cnextp SAMP 'H, §, m. 11.: 4.07-4.31 m (9H, Fc), 3.30-4.48 m (6H, 20CH, OCH.), 1.86 m (2H,
CHCH,CH), 1.18-1.24 m (9H, CHs).

1-peppouennn-1,3-nponoxcudyrana (III)

5 (0,018 monb) 1-¢depponennn-1,3-6yranamona pacrsopsimt B 62,5 M (1,04 mMonb)
IPONWIOBOTO CHMpPTAa M TIpu IepeMemyBanuy pobasmsum 16,1 Mo (0,089 monb)
KOHLIEHTPMPOBaHHOII (96%) cepHOII KucnoTsl. Peakiyio nposopymy mpu 85 °C B TedeHne 3 4.

[To OKOHYaHWM BBIJEPXKKM PEAKUVMOHHYI0 MAacCy BBUIMBAINA B JIefl, K IIOTy4YEeHHOMY
pacTBOpy [00aB/IIM BOLHBI aMMMaK [0 HENTpanbHON cpembl. OCTaTOK 3KCTparupoBamn
TormyonoM. IIpofykT ounianm Ha KOJIOHKe C CUIMKareneM (9/II0eHT — TwaneTar). Boxox 5,2 T
(80 %). Tux = 154 °C, yepHOe Kpucrawmmdeckoe Bemecrso. VIK crextp, cm! 2880, 1080, 1210,
1180, 1390, 1280, 1030, 1090, 780. Hanpgeno, % C 66.4, H 8.1. Beruucneno, % C 67.04 H 8.38.
Cnextp AMP 'H, 6, m. 1.: 4.10-4.30 m (9H, Fc), 3.30-4.48 m (6H, 20CH, OCH.), 1.86 m (2H,
CHCH,CH), 0.99-1.50 M (13H, CH,-CHj3, CHs).

1-peppouennn-1,3-6yrokcubyran (IV)

1,6 t (0,006 monb) 1-peppouennn-1,3-6yrananona, pacrsopsmm B 30 ma (0,4 Mornb)
OyTWIOBOTO CIMpTa M TPy IepeMellyBaHMU C TewioorsogoM 7,2 M (0,039 monb)
KOHIIEHTpMPOBaHHOM (96%) cepHoIt KicnoThl. Peakuyio nmposopyu mpu 85 °C B TedeHue 3 u.
ITo okOHYaHNM BBIZEP>KKM PEAKI[MOHHYI0 MAcCy BbUIMBAIN B JIefl, K IOTy4€HHOMY PacTBOPY
100aB/LA/IN BORHBIN aMMIAK 10 HeJITpanbHOI cpefbl. OCTaTOK 9KCTParupoBaIu M-KCUIOTOM.
ITpopykT oumimiany Ha KOJIOHKe C CuauKaresneM (9moeHT — Tomyon). Beixon 1,7 r (73,9%).
Tu = 125 °C, uepHoe Kpucraumdeckoe Bemectso. VIK cmektp, cm™ 2940, 1070, 1150, 1290,
1390, 1200, 1100, 1000, 900. Haiigeno, % C 67.9, H 8.3. Beruncneno, % C 68.4 H 8.8. Cnexrp
SAMP 'H, §, m. p.: 4.05-4.31 m (9H, Fc), 3.30-3.48 m (6H, 20CH, OCH,), 0.96-1.44 m (17H,
2CH,CH,CH3, CHs).
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Introduction

Black iron oxide pigment, derived from iron oxide (Fe;O.,), is a key component in various
industries, such as the production of paints and coatings, polymers, and composites. Its unique
physicochemical properties, including high hiding power, dispersibility, and resistance to
environmental factors, make it indispensable in a wide range of applications.

The relevance of research on black iron oxide pigment is driven by its widespread use in
the paint and coatings industry and the production of polymeric materials. In the context of the
modern market, the requirements for product quality and environmental sustainability are
becoming increasingly stringent. Therefore, the use of inorganic pigments, such as black iron
oxide, is particularly significant. The pigment provides the required colour palette and
contributes to the improvement of material performance characteristics, such as UV resistance,
chemical stability, thermal stability, electrical conductivity, etc. [1-6].

Black iron oxide pigment is a highly functional material. Due to its physicochemical
properties, is in high demand in the paint and coatings industry and the development of
modern composites. The advantages of the pigment make it essential for the development of
new technologies and materials with tailored properties, ensuring steady demand across various
industrial sectors [7].

© G.B. Anufrieva, A.A. Komina, A.E. Tereshko, 2025
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Experimental part

The U-2 instrument was used to determine the impact strength of coatings (GOST 4765-73);
the TML pendulum instrument we used to measure the hardness of coatings (GOST 5233-2021);
the SF-18 spectrophotometer - to determine the colour of the pigment (GOST R 52662-2006);
the KFK-2 - to determine the particle size of the pigment; the Z-1500] impedance metre - to
study the anti-corrosion properties of coatings; the Waga torsyjna WT250 torsion balance - to
weigh the magnetic pigment.

Main body

The purpose of this work is to synthesise magnetites with different magnetic permeability
and study their properties. Currently, black magnetic iron oxide pigments remain insufficiently
studied.

To obtain black iron oxide pigment (BIOP) from vyellow iron oxide pigment
(GOST 12.1.007), reduction of iron from Fe** is required. Oleic acid (TU 2634-144-44493179-11)
can be used as a reducing agent. The production of BIOP occurs at a temperature of 400 °C for
1 hour according to the reaction [3]:

216FeOOH + 2C17H33COOH + 5102: 72F€304+ 36C02 + 34H20

During the research, we conducted syntheses of BIOP with different contents of the
reducing agent in the system (Table 1).

Table 1. Synthesis formulation of black iron oxide pigment with varying content of the reducing agent (oleic acid).

Component, wt.% BIOP1 | BIOP2 | BIOP3 | BIOP4 | BIOP5 | BIOP6 | BIOP 7
Oleic acid 37.82 36.62 3537 | 3408 | 3273 | 3132 | 29.86
Content of yellow iron oxide 62.18 63.38 64.63 | 6592 | 6727 | 6868 | 70.14
pigment, %
Total 100.00 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00

To analyse the magnetic properties of the pigment, we used the torsion weighing method.
It provides the quantitative assessment of the force of magnetic interaction. The mass of the
pigment under study was measured on high-sensitivity torsion balances in the absence of an
external magnetic field. Subsequently, we placed a strong magnet under the balance to form an
external magnetic field. The mass of the pigment was re-measured in the presence of the strong
magnetic field. The difference between the obtained mass values, Am (with and without the
magnet), was calculated. This difference is due to the interaction of the material with the
magnetic field, reflecting its paramagnetic, diamagnetic, or ferromagnetic properties.

m; —my

= 100,
u m

where u is relative magnetic permeability, %.

m, is mass of the pigment in the presence of a strong magnetic field, g;

m, is mass of the pigment in the absence of a magnetic field, g.

For the obtained BIOP samples, the authors conducted investigations of their technical
properties. Table 2 presents the dependance of the pigment properties on the reducing agent
content.
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Table 2. Technical properties of pigments.

Pigment
Indicat
naieaor BIOP 1 | BIOP2 | BIOP3 | BIOP4 | BIOP5 | BIOP6 | BIOP7
Oil absorption, g/100g 52 53 48 45 47 47 51
CPV, % 27 27 29 30 30 30 28
Coverage, g/m’ 7.6 7.7 7.6 7.7 7.7 7.9 8
Acid number, mgKOH/g 6.28 4.56 5.02 5.54 3.94 3.53 431
Particle size, pm 2.4 3.5 3.7 2.3 3.2 2.9 3.5
Relative magnetic permeability, % 3.85 3.51 3.7 13.82 3.27 3.09 3.57
Content of compound Fe**, % 79.52 82.66 73.95 76.00 74.46 83.77 87.35

Fig. 1 presents the results of pigment dispersity measurements obtained by sedimentation
turbidimetry.

60,00

50,00

~———1BIOP
———2 BIOP
3 BIOP
30,00 ~—4 BIOP
——5 BIOP
6 BIOP
———7 BIOP

40,00

dQ/dR

20,00

10,00

0,0 50 10,0 15,0 20,0 25,0 30,0

Diameter D, pm
Fig. 1. Differential curve of pigment particle size distribution.

According to Table 2, the pigments have satisfactory oil absorption and the lowest value
being characteristic of BIOP 4 at 45 g/100g. The hiding power of the pigments ranges from 7.6
to 8 g/m?, indicating high values of the parameter. The best hiding power amongst the studied
pigments is observed for sample BIOP 1. It is attributed to its narrower particle size distribution.
All the pigments show a satisfactory content of Fe** converted to iron oxide. It correlates to the
typical values for iron oxide pigments.

Indeed, an oleic acid content of 34% in the reaction mixture gives the pigment with the
best magnetic properties. Its relative magnetic permeability is more than twice that of the other
synthesised pigments. Moreover, BIOP 4 demonstrates the narrowest particle size distribution.

During the synthesis, despite the high process temperature (400 °C), traces of oleic acid
may remain in the pigment composition. To evaluate this parameter, acid number tests were
conducted on the obtained pigment samples. As a result, all BIOP samples have low acid
numbers, indicating negligible residual oleic acid content. Furthermore, the acid number values
of the samples correlate with the acid content in the reaction mixture according to the synthesis
formulations (Table 1).

Studies of the optical properties of BIOPs obtained at different oleic acid concentrations
in the reaction mixture during synthesis were conducted. The colour coordinates in the CIELab
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system [8, 9] and the lightfastness of the pigments in full shade and in a 1:5 tint with zinc white

were investigated. Table 3 presents the results.

Table 3. Optical properties of pigments

) Pigment
Indicators
BIOP 1 BIOP 2 BIOP 3 BIOP 4 BIOP 5 BIOP 6 BIOP 7
In full colour
. L'=27.09 L'=26.38 L'=27.63 L'=28.91 L'=26.36 1*=25.64 | L*=28.85
Colour coordinates . . .
bef a=0.93 a*=1.27 a*=1.03 a=1.21 a=0.84 a*=1.04 a*=1.10
efore exposure
b b*=3.70 b*=4.13 b*=3.3 b*=2.18 b*=2.77 b*=3.33 b*=3.34
. L'=27.97 L'=27.52 L'=29.36 L'=27.91 L'=26.20 L'=26.52 L'=30.31
Colour coordinates . . . . . . .
f a=0.80 a=1.31 a=1.09 a=0.98 a=0.75 a=0.94 a=1.28
after exposure
P b*=3.54 b*=4.03 b*=3.51 b*=4.03 b*=3.59 b*=3.29 b*=3.59
Light resistance of
. 0.90 1.15 1.74 2.12 0.84 1.97 1.80
pigment, AE
Lightness difference,
0.88 1.14 1.73 -1.00 -0.16 -0.88 1.78
AL
In tint
. L'=41.99 L'=43.43 L'=43.22 L'=41.41 L'=46.63 L'=43.17 L'=44.34
Colour coordinates . . . . . . .
before exbosure a=0.96 a=2.05 a=1.52 a=1.88 a=0.92 a=1.28 a=1.81
Xposu
b b*=0.18 b*=-0.23 | b*=-0.65 b*=0.46 b*=-1.36 | b*=-0.73 | b*=-0.01
. L'=41.33 L'=43.20 L'=42.89 L'=41.59 L'=46.60 L'=43.29 L'=44.14
Colour coordinates . . . . . . .
fi a=1.16 a=2.02 a=1.45 a=1.97 a=0.95 a=1.29 a=1.81
after exposure
P b*=-0.61 | b*=-0.44 | b*=-0.72 | b*=-0.29 | b*=-1.41 | b*=-1.04 | b*=-0.32
Light resistance of
. 1.05 0.31 0.34 0.26 0.07 0.33 0.37
pigment, AE
Lightness difference,
AL - 0.66 -0.23 -0.33 0.18 -0.03 0.12 -0.2

The colour coordinates of all pigment samples are similar in value. However, sample
BIOP 7 exhibits a higher lightness value (L). Furthermore, there is a difference in the hues of
the BIOP samples: as the reducing agent content increases during pigment synthesis, the
redness increases and the yellowness decreases.

The lightfastness of the pigments was investigated by evaluating the total colour
difference, AE (Table 3). Sample BIOP 5 demonstrated the best lightfastness in the tests. For the
other samples, the colour change under UV irradiation ranged from 0.9 to 2.12 AE. This
phenomenon is likely associated with redox processes within the pigment initiated by UV
radiation. Moreover, in coatings prepared as a tint (with zinc oxide), the difference in shades is
visible. A decrease in the lightness value was also noted upon UV exposure. It may be attributed
to the high photoactivity of zinc oxide and its strong ability to absorb UV rays.

The obtained magnetic pigment samples were incorporated into an ED-20 epoxy resin.
We used polyethylene polyamine (PEPA) as a hardener. Coatings with a pigment content of
7.14 wt.% were formed from the filled epoxy compositions, and their properties were studied.

The anticorrosion properties of the filled epoxy coatings were evaluated using
electrochemical impedance spectroscopy (EIS) [10]. Table 2 presents the results of the
impedance measurements for the epoxy coatings containing the BIOP pigments.
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Fig. 2. The change in the impedance value of the coatings upon exposure to the electrolyte solution at a frequency
of 56 Hz.

According to Figure 2, the coatings filled with BIOP have higher protective properties at
the initial time point compared to the unfilled ED-20 varnish coating. However, for coatings
filled with BIOP 4 and BIOP 2, a decrease in anticorrosion properties is observed after just 1
day of exposure to the sodium chloride solution. After three days of exposure, the impedance
value remains virtually unchanged. Coatings filled with BIOP 1, BIOP 3, BIOP 5, BIOP 6, and
BIOP 7 maintain their initial level of corrosion protection for up to three days of exposure.
However, coatings with BIOP 5 and BIOP decrease the protective properties after three days of
exposure to the electrolyte solution. Coatings filled with BIOP 1, BIOP 3, and BIOP 6 retain
their protective properties throughout the entire observation period.

Fig. 3 presents the results of the study on the influence of magnetic permeability on
coating hardness.

0,8
0,75

0,7

| =-2,0527H? + 21,255H? - 73,292H + 84,928
0,65 R*=0,9549

0,6

Fig. 3. The dependance of coating hardness on relative magnetic permeability.

According to Figure 3, the relationship between coating hardness and pigment magnetic
permeability can be accurately described by the following equation:

p =-2.0527H’ + 21.255H* - 73.292H + 84.928.

An increase in the hardness of the epoxy coatings is observed with an increase in the
relative magnetic permeability of the BIOP pigments. Higher magnetic permeability likely leads
to the magnetic agglomeration of particles. Under optimal conditions, anisodiametric
magnetite particles aline along the force lines of the magnetic field (including that of the Earth).
It enhances their reinforcing capability.
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To study the compatibility of the obtained BIOP samples with non-polar media (solvents and
film formers), microscopic studies were conducted. In a non-polar xylene medium (Figure 4),
particles of pigments obtained with a reducing agent content in the reaction mixture of up to
32% are distributed uniformly; the agglomerate size in the bulk does not exceed 20 pm; the
number of large agglomerates is low. Increasing of the reducing agent content used in pigment
synthesis up to 35% gives the incompatibility of the resulting pigments with xylene: all particles
are gathered into large agglomerates. A further increase in the oxidiser content has a positive
effect on the compatibility of the obtained pigments with non-polar media: particles of BIOP 1
and BIOP 2 pigments form uniform agglomerates sized 15-50 pm; large agglomerates are

" a) .’) .) d)
. f) .g)

Fig. 4. Microphotographs of pigment suspensions in xylene: a) BIOP 1, b) BIOP 2, ¢) BIOP 3, d) BIOP 4,
e) BIOP 5, f) BIOP 6, g) BIOP 7. The grid cell size is 30 by 30 um.

absent.

An increase in the polarity of the dispersion medium (ED-20 epoxy oligomer) results in
a more uniform distribution of the pigment particles (Fig. 5).

a) .) .)
e) . .)

Fig. 5. Micrographs of the ED-20-based coatings containing: a) BIOP 1, b) BIOP 2, ¢) BIOP 3, d) BIOP 4, ¢) BIOP
5, 1) BIOP 6, g) BIOP 7. The grid cell size is 30 by 30 um.
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According to the micrographs of the filled systems, the epoxy composition filled with
BIOP 1 and BIOP 3 exhibits the most uniform distribution of pigment particles within the
matrix. It explains the superior anticorrosion properties of the coatings formed from these
systems. For the other compositions, the presence of pigment particle agglomerates is observed,
particularly in systems containing BIOP 2 and BIOP 4.

Thus, the research results are as follows:

1) A series of black magnetic iron oxide pigments was synthesized. The possibility of
controlling color characteristics by varying the amount of reducing agent was demonstrated.

2) The technical properties of the synthesized pigments are not inferior to those of
conventional iron oxide pigments.

3) The influence of the magnetic permeability of the black iron oxide pigment on the
hardness of the coating formed on the basis of the epoxy oligomer was established.

4) The material is not wetted by polar liquids. It underscores the importance of the correct
selection of surfactants and the necessity for further investigation of this issue.
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Introduction

Conducting processes of chemical reduction of metal salts from solutions to obtain
metallic coatings on various materials, metal powders, and nanofilms requires detailed
knowledge of the mechanism and kinetics of the chemical transformations involved. One of the
traditionally used reducing agents is sodium dithionite, Na,S,04 (technical name: sodium
hydrosulfite. It is inexpensive bulk chemical product providing a high reduction rate even at
room temperature [1]. The highly negative redox potential of sodium dithionite allows it to
reduce a wide range of metal cations and their complex salts [2-4], as well as various organic
compounds [5-8]. Its instability, especially in aqueous solutions, is a disadvantage.

Previously, we studied the patterns of the reaction between sodium dithionite and nickel
cations under conditions of metallising Nitron fiber (pH 4.00, temperature 303 K) [9]. As a
result, nickel sulfide as one of the by-products of metallic nickel was formed. Moreover, an
excess of sodium dithionite was not resulted in complete reduction of nickel cations. It is
associated with the parallel process of reductant decomposition. Based on kinetic data, a
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reaction scheme was proposed. It includes pathways involving dithionite anions SO, and sulfur
dioxide radical S, 07~ as reducing agents. Raising of the temperature increases the contribution
of the pathway. Using the quasi-steady-state approximation method, a rate equation for the
reaction on nickel cation concentration was derived.

However, the stoichiometric mechanism proposed in that work and the kinetic
description within the quasi-steady-state approximation model are insufficient for a complete
quantitative account of all stages of this reaction. For example, side reactions related to the
decomposition of sodium dithionite were not considered, despite available literature data on
the chemistry of this process under various external conditions (temperature, acidity) [1, 10].
The presented kinetic description within the quasi-steady-state approximation allows
calculation of the decrease in nickel concentration over time. However, it cannot be applied for
the calculation of concentrations of other reaction participants: dithionite, metallic nickel,
nickel sulfide, and dithionite decomposition products.

The purpose of the study is to provide a complete kinetic description of the reaction of
nickel chloride with sodium dithionite in an aqueous solution.

Main body

For the study we used nickel chloride NiCl-6H, of chemical purity grade (ChP)
GOST 4038-79 (Russia) and sodium dithionite Na,S,0, grade Ch (pure) produced by ALBITE
SRL (Italy) with a main substance content of 89%.

The reaction of nickel chloride with sodium dithionite was conducted in a universal
Robinson-Britton buffer solution at pH = 4.0 [11] with the addition of KCl (0.2 mol/L) to
maintain constant ionic strength. According to the previous experiments, atmospheric oxygen
does not affect on the extent and rate of the reduction process. Therefore, the studies were
conducted in air. To obtain kinetic curves, the "time-slice” method was used. A series of working
solutions with the same initial concentrations was prepared in 10 mL test tubes by mixing equal
volumes of oxidiser and reducer solutions. At specific time intervals, the reaction was stopped
by adding 1 mL of a 36% formaldehyde solution; the concentrations of reagents and products
in the reaction system were determined. The titration results were referred to the moment of
formaldehyde introduction. The sodium hydroxymethanesulfinate formed during the
interaction of CH,O and Na,S,0, practically does not decompose under the experimental
conditions. The concentration of nickel ions was determined by complexonometric titration
[12]; the concentration of dithionite was determined iodometrically by [13]. The precipitate,
containing metallic nickel and nickel sulfide, was separated from the solution by centrifugation
and dried. The nickel sulfide content was determined iodometrically after dissolving the
precipitate in 2N hydrochloric acid [12]. The amount of metallic nickel formed was found from
the material balance.

All experiments were performed at a constant temperature of 303 + 0.1 K, as at lower
temperatures the rate of reduction of nickel ions to metal is low; at higher temperatures large
amounts of nickel sulfide are formed. An initial excess of the reducing agent compared to the
amount of nickel chloride is necessary for the reaction to proceed at a noticeable rate. The
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solution pH choice is as follows: at higher pH nickel chloride hydrolyses to form hydroxide; at
lower pH the decomposition rate of sodium dithionite is high.

Figure 1 shows the dependencies of the concentrations of sodium dithionite, nickel
cations, and nickel sulfide on the reaction time.

According to the experimental data, the decrease in dithionite concentration significantly
exceeds the amount of reacted nickel chloride. Therefore, the consumption of the reducing

agent is unproductive. It is necessary to be considered both for this and other reactions with
sodium dithionite.

Concentration, mol/L

Time, min

Fig. 1. Changes in the concentrations of dithionite (1,2), nickel cations (3,4), and nickel sulfide (5,6). Black kinetic
curves with points show experimental data; red continuous fine line curves show calculations.

According to the introduction, the reducing particles of dithionite anions S,07~ and
sulfur dioxide anion radicals in sodium dithionite solutions are formed through the reversible
disproportionation reaction:

S,0}~ & 2505 (1)

However, the numerical values of the equilibrium constant for reaction (1) reported in
the literature range from 0.51-10° mol/L [14] to 3.80-10° mol/L [15]. As claimed by these values,
the concentration of anion radicals in the dithionite solution is neglected. Therefore, nickel
cations are reduced to metal primarily by dithionite ions via the reaction:

k
Ni2* + S,0%~ = Ni + 250, (2)

Moreover, stage (2) is not elementary and refers to the stoichiometric mechanism of the
reaction. In particular, as indicated in study [9], the formation of nickel occurs through
sequential reactions:

Ni?* + 5,02 - Ni* + 5,0, )

Nit + 5,02~ - Ni + S,0; (4)

However, since lower valence ions exhibit high reactivity, reaction (4) proceeds rapidly
than reaction (3); formally, the interaction between nickel ions and dithionite can be described
by equation (2).

129



A&ROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 6, ISSUE 3, 2025

The significant decrease in dithionite concentration (curve 1, Fig. 1) is primarily due to
its decomposition; in an acidic medium it occurs via two parallel pathways [10, 16, 17]:

k
25,02~ + H,0 > 2HSO5 + S,02~ (5)

k
3S,02™ + 4H* 5 S~ + 550, + 2H,0 (6)

It is assumed that stage (5) is non-catalytic, while stage (6) is catalytic and accelerated by
so-called "active sulfur” [10], formed during the decomposition of thiosulfate anions S,0%".
The source of nickel sulfide (curve 5, Fig. 1) is the reaction:

Ni%* + §2= > Nis, (7)

preceded by stage (6), and it is highly probable that stage (7) proceeds instantaneously. Thus,
the rate of nickel sulfide accumulation is limited by the rate of reaction (6).

Therefore, to solve the inverse kinetic problem (determining the rate constants of
individual stages of the studied reduction process of nickel chloride by sodium dithionite using
experimentally obtained kinetic dependencies) the stoichiometric model consisted of stages (2),

(5), and (6).
The mathematical model was represented by a system of differential equations:

dC i2+

- CIlVTl = Kk Cp;z+ - Cszof‘ (8)
dCs ,2-
— 2 = Ky Oz Gy + 2kaCE g + 3ka S - ©)
dCy;
di\” = ki Cpyz+ - Cszof‘ (10)
1 = KiCpiz+ - Cyp02- + koCq z- + ksCy p2- (11)
dCs ,2-
St o
dCNiS 3

at k3CSzOZ' (13)

The concentration of SO, in equation (11) included the total concentration of sulfite
sulfur for the reactions (2), (6), and (5); in the latter, in the form of HSO3 anions.

Mathematical modelling of studied reaction kinetics was performed using the KINET
software for numerical simulation of complex chemical reaction kinetics (Abramenkov A.V.,
Department of Physical Chemistry, Faculty of Chemistry, Lomonosov Moscow State
University, Russia). To find the optimal values of the rate constants, experimental dependencies
of the concentrations of dithionite, nickel ions, and nickel sulfide on time were used, along with
02~ = 0.5mol/L; Cy;z+ = 0.01 mol/l. The

initial concentrations of sulfide, sulfite, thiosulfate, and nickel metal were set to zero.

the following initial reagent concentrations: Cg
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However, the search for rate constants with arbitrarily chosen initial approximations was
unsuccessful. Therefore, the inverse kinetic problem was addressed in two stages. At the first
stage, reaction (6) was excluded from the system; the concentration arrays for nickel ions and
dithionite were adjusted accordingly. Equation (13) was removed from the system of rate
equations; the last terms in equations (9) and (11) were omitted. Initial approximations for
constants k; and k; were estimated from the initial segments of the adjusted kinetic curves for
nickel ions and dithionite. The search for optimal values of the constants yielded the following
results: k; = 0.308 L/(mol-min); k, = 0.608 L/(mol-min).

At the second stage, the initial approximation for the rate constant of stage (6) was
estimated. Therefore, the dependence of dithionite concentration on time was obtained by
subtracting, for each time point; the concentration of dithionite consumed in stages (2) and (5).
This dependence was processed assuming a third-order reaction, as follows from equation (6),
considering that the hydrogen ion concentration was constant. The initial approximation was
kk; = 3.36-102 1*/(mol*>min).

The search for optimal values of the rate constants after solving the entire system of
equations (8) — (13) using the obtained initial approximations led to the following results:
k; = 1.00 L/(mol-min); k, = 0.61 L/(mol-min); ks = 0.05 L?/(mol*>min).

Figure 1 shows the calculated kinetic dependencies (curves 2, 4, 6) for the found optimal
values of the rate constants of stages (2), (5), and (6) in comparison with experimental data.
Figure 2 shows the calculated dependencies for dithionite decomposition products: sulfite
(curve 1) and thiosulfate (curve 2). Additionally, Figure 2 shows kinetic dependencies for nickel,
calculated from the modelling results (curve 3) based on experimental material balance data
(curve 4).

0,010 - 4025
0,008 0,20
= =
e [=]
S 0,006 015 §
c 5
s 2
£ 0,004 010 &
@ 3
E c
S S
0,002 4 0,05
0,000 T T T T T T T T T T 0,00

0 2 4 6 8 10

Time, min

Fig. 2. Changes in the concentrations of sulfite (1), thiosulfate (2), and nickel (3,4). Dependencies 1, 2, 3 are
calculated from the mathematical model (8)-(13); 4 is calculated from experimental data.

In general, the proposed stoichiometric mechanism of the studied complex reaction and
the kinetic model describe the experimental data. The slight discrepancy between the calculated
kinetic curve for NiS and the experimental data can be explained by the earlier assumption on
stage (6) is autocatalytic and should be preceded by stage (5). Moreover, the induction period
should be observed on the curve of nickel sulfide concentration versus time. However, as it can
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be estimated from the slope of kinetic curve 5 (Fig. 1), it had not been observed due to the
sufficiently high initial rates of both stages. The initial rate of NiS formation is lower than that
of the calculated curve 6 (Fig. 1), possibly due to autocatalysis.

According to data in Fig. 2, the majority of the reducing agent - sodium dithionite -
decomposes in the reaction to form sulfite and thiosulfate. The formation of metallic nickel
consumed only a small reducing agent portion. For example, by the 10th minute, only 0.7% of
the dithionite was used for nickel formation relative to its total consumption.

Table 1 shows the values of the degree of nickel chloride conversion to metallic nickel at
different time points during the reaction. They were calculated from experimental a., and
simulated ac.. data. These values were computed as the ratio of metallic nickel to initial nickel
chloride formed by that time point.

Table 1. Degrees of nickel chloride conversion to metallic nickel at different time points. d.y, is calculated from
experimental data; a,. is calculated from the simulated kinetic curves.

Time, min
1 2 3 4 5 7.5 10
O exp 0.50 0.48 0.45 0.42 0.42 0.43 0.43
Ocaleul. 0.41 0.43 0.43 0.44 0.44 0.45 0.45

According to Table 1, on average 44% of nickel chloride is consumed for the formation
of metallic nickel; 56% is used for the formation of nickel sulfide. Generally, the calculated and
experimental data are in approximate agreement, except for the initial period of the reaction. It
is associated with the previously noted discrepancy in the kinetic curves for nickel sulfide.

Conclusions

As a result of studying the reaction of nickel chloride with sodium dithionite, its
stoichiometric mechanism has been established. Those includes the stages of metallic nickel and
nickel sulfide formation, the decomposition of dithionite anions yielding sulfite, sulfide, and
thiosulfate. Experimental kinetic dependencies for the initial reagents and one of the reaction
products - nickel sulfide — allow us to perform mathematical modelling of the reaction kinetics
and calculate the rate constants of its individual stages. The obtained results can be applied in
the practical use of sodium dithionite in other reactions occurring in aqueous solutions.
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Introduction

Coal tar pitch (CP) is a residue of coal tar separation into fractions: light fraction (T <
170 °C); phenolic fraction (T = 170-210 °C); naphthalene fraction (T = 210-230 °C); absorption
fraction (T = 230-270 °C); anthracene fraction (270-360 °C); coal tar pitch (T < 360 °C).

Pitch is a multicomponent structure consisting of the following fractions: y-fraction,
soluble in hexane, isooctane; B-fraction, insoluble in hexane but soluble in toluene; a-fraction,
insoluble in toluene, divided into quinoline-soluble a,-fraction and quinoline-insoluble a;-
fraction [1]. According to studies [2-4], the composition of these fractions has been determined:

ethe y-fraction consists of chrysene, pyrene, anthracene, naphthalene, carbazole,
phenanthrene, and methylnaphthalene;

e the B-fraction comprises the following polyaromatic compounds: benzo[a]anthracene,
benzo[a]pyrene, cyclopenta[ghi]perylene, dibenzo[b,d]thiophene, etc.;

e The a-fraction contains diphenyl oxide, acenaphthene, benzofluoranthene [4], as well
as high-molecular-weight compounds: Cs;Hzs; CeoHas; CeaHaa; CoaHao [2].

© R. Yu. Kovalev, A. P. Nikitin, 2025
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The coal tar pitches are binders for the production of electrodes and anode mass [5]. To
obtain binders for cathode production in the aluminium industry, according to [6-8], pitches
undergo thermal treatment to increase the softening point (T;), carbonisation yield, and pitch
coke yield. Thermal treatment of pitch with T, = 110 °C at 260 °C for 4-5 days led to an increase
in T, to 157 °C. It is associated with a growth in the a-fraction from 26.4% to 68.6% and an
increase in the a;-fraction from 4.7% to 5.6% [6]. Raising the thermal treatment temperature
from 220 °C to 420 °C increased the coke yield from 47.21% to 69.64% [7]. Increasing the pitch
thermal treatment temperature to 400°C enhanced the semi-coke and carbonisation yields, and
the a;-fraction content in the final product [8].

Studies [9,10] investigated the effect of thermal treatment on pitch properties in details.
Pitches were thermally treated at various temperatures for several hours. The increase in pitch
softening point T; is linked to the growth of the a-fraction. It increased from 30% to 60%; the
maximum thermal treatment temperature was raised from 360 °C to 390 °C (duration: 3 hours)
[9]. According to the study [10], thermal treatment at 300 °C of medium-temperature electrode
pitches leads to an increase in pitch carbonisation yield and a decrease in volatile matter yield
for both the carbonizate and the pitch.

In the study [11] medium-temperature electrode pitches were thermally treated at 350 °C
for several hours. As a result, an increase in the softening point (T,) and a decrease in the volatile
matter yield (X) were observed. For pitch category B, the increase in T occurred faster and
reached up to 180 °C compared to pitch category B1 [11]. When mixtures of electrode pitches
were thermally treated using both IR and microwave irradiation, products with a softening
point T, > 100 °C were obtained [12].

The thermal treatment of pitches in an air stream (thermo-oxidation) has the greatest
fundamental and applied significance for research. Thermo-oxidation (TO) is divided into
low-temperature (up to 300 °C) and high-temperature (above 300 °C) processes [13-15]. During
low-temperature TO, reactions occur in the gas phase: y > a, [13-15], as experimentally
demonstrated in studies [13-17]. During high-temperature TO, in addition to gas-phase
reactions, liquid-phase reactions of the following type occur: y>p->a>a; [13-16].

We consider the results of studies on the impact of thermo-oxidation on changes in pitch
characteristics and the yield of pitch carbonizates. In study [18] a high-temperature pitch
(Ts =150 °C) was obtained by TO at T = 260-380 °C for 35 minutes (air flow rate 100 L/h
(400 L/kg-h)) using electrode pitch category C (T, = 91 °C). According to the study [19], TO of
medium-temperature electrode pitch at T > 400 °C increased the carbonisation yield and
reduced the volatile matter yield for both the pitch and the carbonizate. A similar effect was
observed during TO of coal tar in study [20]. In [20], coal tar was thermo-oxidized from 260 to
360 °C, resulting in a pitch with T = 128 °C, and it was found that TO reduces the volatile matter
yield in the pitch carbonizate compared to the volatile matter yield in the carbonizate from pitch
obtained by distillation of coal tar.

Of particular interest is the study of the combination of TO and thermal treatment of
pitch. In study [21], a pitch with T = 114 °C was obtained by TO at T = 260-320 °C of pitch
category C (the same initial pitch as in study [18]), followed by heating in a self-gas atmosphere
to T = 410 °C for 28 minutes. A high-melting pitch with T, = 202 °C was produced by TO at
T =260-320 °C (using pitch C, as in study [18]) for 32 minutes with an air flow rate of 100 L/h,
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followed by heating from 320 to 400 °C for 43 minutes, holding at T = 400 °C for 40 minutes,
and TO (air flow rate 40 L/h) from 400 to 430 °C for 50 minutes [21].

It is necessary to consider the prospects of introducing additives in the form of high-
temperature and high-melting pitches into electrode pitch to enhance the carbonisation yield
and determine their impact on improving the coking properties of binder pitches. To improve
the characteristics of electrode pitches, the effect of heating at various temperatures on the
carbonisation yield should be examined. Establishing the impact of pitch heating on the
carbonisation yield offers the potential for applying this method to enhance the coking
properties of binder pitches.

The purpose of the study is to determine the impact of additives in the form of electrode
pitch category C and its thermo-oxidation products on the carbonisation yield of electrode
pitch category B, and assess the effect of heating electrode pitches category B and C on the
carbonisation yield.

Experimental part

As initial samples, electrode pitch category B with a softening point T = 71.5 °C (obtained on
OOO Evraz ZSMK, Russia) and electrode pitch category C with T = 91 °C (obtained from OOO
Altai-Koks, Russia) were used. Data on T, and fractional composition are shown in Table 1.

Table 1. Characteristics of the fractional composition of electrode pitches categories B
and C.

Name Pitch B Pitch C
T, °C 71 91
P> % 28.0 29.0
B, % 39.8 34,5
a, % 32.2 36.5
a, % 10.3 7.5

Additionally, thermo-oxidation (TO) products of electrode pitch C were used: high-
temperature pitch (HTP) with T, = 150 °C, obtained in study [18]; high-melting pitch (HMP)
with T, = 202 °C [21]. The described pitches were carbonized by heating to 800 °C and holding
at this temperature for 1 hour.

Thermal treatment of electrode pitches was conducted in a muffle furnace; the pitches
were placed in lidded crucibles following the methodology described in studies [10, 11]. The
pitches were heated to T = 290 °C, 330 °C, and 400 °C. The yield of pitch W after heating was
determined as the percentage ratio of the pitch mass after heating to the mass of the pitch
sample before heating. For pitches after heating, the volatile matter yield X was measured
(GOST 9951-2023).

Composite formulations based on pitch category B with additives of pitch category C and
their TO products (HTP and HMP) were also prepared. The pitches were mechanically crushed
and sieved through a sieve with pore size < 200 um. To the crushed sample of pitch category B,
an additive of crushed TO product (40% by mass) in the form of HTP or HMP was added. The
mixture was thoroughly stirred with a spatula and placed in a ceramic crucible with a ground-in
lid. The mixture was then heated in a muffle furnace to 220 °C and held at this temperature for
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10 minutes. Heating ensured the production of a homogeneous product without separation of
light pitch components, as evidenced by their absence on the ceramic lid of the crucible.

For thermally treated pitches and composite formulations, carbonisation was performed
by heating in a muffle furnace to 800 °C and holding at this temperature for 1 hour. The
carbonisation yield K was determined as the percentage ratio of the mass of the resulting
carbonizate to the mass of the pitch sample.

Main body

The pitches obtained after thermal treatment in studies [18, 21] and the composite
formulations were carbonised in lidded crucibles in a muffle furnace by heating to 800 °C and
holding for 1 hour. Table 2 shows data on the volatile matter yield for pitch category C and the
products obtained by thermo-oxidation (TO).

Table 2. Characteristics of electrode pitch category C and the resulting thermo-oxidation (TO) products

Ne Name X, % K, %
1 B 53 50.7
2 HMP 33 78.7
3 HTP 36 62.1

Table 2 shows a decrease in the volatile matter yield from 53% to 33% for HMP (high
melting pitch) as a result of thermo-oxidation (TO) combined with thermal treatment of
electrode pitch C [21]. The value of K (carbonisation yield) after thermal treatment increased
to 78.7%. It can be explained from the following perspectives: TO of electrode pitch category C
at T = 260-320 °C, as reported in [21], led to an increase in the a and a;-fractions. Thermal
treatment and TO in the low-temperature carbonisation region (at T > 400 °C) result in a
significant growth of the a;-fraction, as it shown in [22]. This could lead to a noticeable increase
in K. In the case of HTP (high-temperature pitch), TO of pitch C in the range of 260-360 °C,
according to [16-19], promotes an increase in the « and a;-fractions. It could contribute to the
rise in K.

Table 3 shows the characteristics of electrode pitch B and composite formulations based
on it.

Table 3. Characteristics of electrode pitch B and composite formulations based on it.

Ne Name X, % K, %
1 B 544 54.3
2 B+C-40% 48.3 55.7
3 B+HTP-40% 46.8 64.5
4 B+HMP-40% 41.7 68.4

According to the Table 3, the introduction of additives in the form of pitches C, HTP, and
HMP into category B pitch led to a noticeable increase in the value of K. The addition of
electrode pitch category C to category B pitch increased K to 55.7%. Table 3 also shows a
decrease in the volatile matter yield X for all types of additives as a result of the incorporation
of additives into category B pitch. It can be assumed that the addition of thermo-oxidation (TO)

137



FROM CHEMISTRY TOWARDS TECHNOLOGY ERlIa:ie 14 VOL. 6, ISSUE 3, 2025

products with reduced volatile matter yield X to category B pitch also reduces the percentage
content of X in the final product. The decrease in X may also be a consequence of preliminary
thermal treatment during the preparation of the mixture. Furthermore, it can be hypothesised
that the addition of TO products to category B pitch increases the content of & and a;-fractions
in the final product. It leads to a quantitative increase in K.

Table 4 shows the dependence of the volatile matter yield on the heating temperature for

category B and C pitches.
Table 4. Data on the volatile matter yield of electrode pitches category B and C depending on the heating
temperature
Ne For category B pitch For category C pitch
T, °C W, % X, % K, % T, °C W, % X, % K, %
290 98.8 53.8 544 290 99.4 52.2 53.3
330 95.8 50.0 54.7 330 96.7 48.6 53.8
3 400 89.8 45.5 65.0 400 90.3 43.0 60.0

According to the Table 4, after heating pitches B and C, the volatile matter yield X
decreases. After heating to 330 °C, the value of X decreased from 54.3% to 50% for pitch B and
from 53% to 48.6% for pitch C. Heating to 400 °C led to a decrease in the volatile matter yield
to 45.5% for pitch B and to 43% for pitch C. Moreover, heating to 290 °C does not increase K
compared to the original pitch in the case of category B pitch. However, there was a slight
increase of 3% for category C pitch (see Tables 2 and 3). Increasing the heating temperature to
330 °C also did not lead to a significant increase in K for both pitch categories. Increasing the
temperature to 400 °C resulted in an increase in the carbonisation yield by approximately 10%
for both pitch categories.

Based on the data presented in Table 4, the dependence of K on X was obtained. Figure 1
shows the relationship between the carbonisation yield K and the volatile matter yield X.

70 K,%
65
60

55

50

X,%
40

40 42 44 46 48 50 52 54 56

Fig. 1. Dependence of the carbonisation yield K on the volatile matter yield X for category B pitch after thermal
treatment: 1 - for pitch B; 2 - for pitch C.
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As shown in Fig. 1, the carbonisation yield K increases with a decrease in the volatile
matter yield for pitches B and C.

According to the results of studies [9, 16, 17], during thermo-oxidation (TO) the increase
in softening point T, [9] and the growth of the a-fraction [9, 17] in pitch occur faster than during
conventional thermal treatment in a self-gas atmosphere. Literature data [23-24] confirm
increasing the a;-fraction in pitches at temperatures above 300 °C. At temperatures of 400-500 °C,
mesophase transformations occur [22, 25, 26, 27]. It is accompanied by a significant increase in
the a-fraction, as reported in [22]. At temperatures above 500 °C, semi-coking and coking
processes of pitches occur [7, 8, 26-29]. It can be assumed that the a;-fraction may influence the
carbonisation process and quantitatively increase the final product yield, as experimentally
confirmed in [10, 20]. Hence, the increase in the a;-fraction may play a significant role in
enhancing the K value for high-temperature pitch (HTP) and vacuum-distilled pitch (HMP)
compared to the original category C pitch (Table 2). It also explains higher carbonisation yield
for pitch B than that of pitch C; pitch B has a higher a;-fraction content (10.3%) compared to
a-fraction of pitch C (7.5%) (Tables 3 and 4).

Heating to 290 °C led to the separation of light components of the pitches, as evidenced
by the decrease in X (Table 3). Heating to 290 °C increased K only for pitch C, from 50.7% to
53.3%. For pitch B, heating to 290 and 330 °C did not affect the carbonisation yield. Increasing
the temperature to 400 °C significantly reduced the yield of pitches W after heating, decreased
the volatile matter yield X, and increased the carbonisation yield K. It may also be a consequence
of the growth of the a and a-fractions, as reported in [6, 10, 22].

Conclusions

1. Thermo-oxidation of electrode pitch B increases the carbonisation yield.

2. The introduction of a 40% additive to category B pitch in the form of high-melting
pitch increases the pitch carbonisation yield from 54.3% to 68.3%.

3. Increasing the heating temperature of electrode pitch B from 290 to 400 °C raises the
carbonisation yield to 65%; for category C electrode pitch it reaches 60%.

The study was performed using equipment from the Laboratory of Thermal
Transformations of Coal, Federal State Budgetary Scientific Institution "Federal Research Center
of Coal and Coal Chemistry of the Siberian Branch of the Russian Academy of Sciences” (Russia).
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spirocarbon, tetraazaspiro[5.5]undecane-2,8-dione) - and its coordination compounds with
IR spectroscopy, transition metal cations (Co**, Cd*, La’*, Cu**, Zn®*, Mn**) has been conducted.
electronic spectroscopy, ~ The formation of the coordination compounds was confirmed by IR and UV
transition metals, spectroscopy. The electronic spectra of the complexes recorded a bathochromic shift of
complexation, the band corresponding to the ligand along and the appearance of new absorption
PASS online, maxima in the long-wavelength region. According to molecular docking results, the
molecular docking. identified biological target - a-synuclein - binds to the ligand (spirocarbon) via

hydrogen bonds between the oxygen and hydrogen atoms of the amide group of
4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5 Jundecane-2,8-dione and the hydrogen
and oxygen atoms of the amino acid residues of the protein. The dependence of the
spirocarbon complexes lipophilicity on the pH of the medium was investigated.
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Introduction

Spirocarbon or 4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione is the
condensed bicyclic bis-urea of the spiro series (see Fig. 1).

Spirocarbon (Sk; 1) was first synthesised in 1901 via the
condensation of acetone and urea [1]. Later, Zigeuner et al.
confirmed its spirobisprimidine structure [2]. Spirocarbon
exhibits a range of unique biological properties: low toxicity (LDso

= %OOO mg/kg)' [3], @embranotrop1F activity [4], cytotoxicity Fig. 1. Structural formula of
against leukemia cell lines L1210 (mice) and CEM-T4 (human) , ., 10-tetramethyl-1,3,7,9-
[5]. Additionally, it affects on the physicochemical and functional  tetraazaspiro[5.5]undecane-
properties of hemoglobin and the state of the antioxidant system  2.8-dione
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regulating intracellular processes through NO- and its derivatives [6]. Moreover, the use of
spirocarbon as a growth regulator increases protein content [7] and reduces starchiness in oat
grains [8].

Indeed, Alzheimer's disease aggregates its a-synuclein form interacting with S-amyloid
and enhancing its neurotoxicity [9]. a-Synuclein exacerbates oxidative stress and inflammation,
disrupting synaptic transmission [10]. Acetylcholinesterase also accelerates p-amyloid
aggregation, promoting the formation of toxic complexes on neuronal surfaces [11]. Therefore,
acetylcholinesterase inhibitors increase acetylcholine levels, which improves signal
transmission in the brain [12], and donor-acceptor groups in active pharmaceutical substances
can exert antioxidant effects [13].

In study [14], spiroheterocyclic compounds, including spirocarbon, were investigated as
cholinesterase inhibitors (Sk's inhibitory activity was tested using a microtiter ELISA method).
Screening results demonstrated significant acetylcholinesterase inhibition potential. Thus,
derivatives based on spirocarbon can be synthesised as active pharmaceutical ingredients
against Alzheimer's disease. Furthermore, prospects for the application of rare-earth element
complexes with spirocarbon as drug delivery agents have been proposed [15].

Therefore, spirocarbon low binding energy with a-synuclein propounds a hypothesis on
spirocarbon alleviates symptoms and slows neurodegenerative processes. The synthesis of
spirocarbon complexes is justified from the perspective of enhancing bioavailability compared
to the unbound ligand form.

The purpose of the study is the synthesis and investigation of the spectral and biological
properties of La’** and d-element complexes with spirocarbon as an organic ligand

Experimental part

The following reagents were used for the synthesis: urea of analytical grade
(AO LenReaktiv, Russia), acetone of chemical purity (AO EKOS-1, Russia), sulfuric acid of
chemical purity (AO LenReaktiv, Russia), lanthanum(III) nitrate hexahydrate of chemical
purity (AO LenReaktiv, Russia), and other chemically pure soluble salts of d-elements:
copper(II) nitrate trihydrate, anhydrous zinc(II) chloride, anhydrous manganese(II) chloride,
cobalt(II) nitrate hexahydrate, cadmium(II) nitrate tetrahydrate.

The absorption spectra of the synthesised products were recorded on a PE-5400 UV
spectrophotometer OOO Ekroschim, St. Peterburg, Russia using ethyl alcohol as the solvent.
Functional group analysis was performed by ATR-FTIR spectroscopy on a Spectrum 65
Fourier-transform IR spectrometer Perkin Elmer. We performed elemental analysis using a
FLASH EA 1112 C,H,N,S analyser. The melting point of the ligand was measured on a Stuart
SMO10.

Spirocarbon (4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]Jundecane-2,8-dione) was
synthesised according to the method [17]. The obtained compound was isolated and purified
from residual impurities by recrystallisation from an aqueous solution. The melting point of
spirocarbon was 241-243 °C.
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Synthesis procedure for complex compounds of spirocarbon (Sk) with soluble salts of
d-elements and lanthanum (III) nitrate. The masses of the components are given in Table 1.
A weighed sample of the corresponding salt hydrate (or anhydrous chloride) was dissolved in
20 ml of acetone and added to a solution of the ligand (Sk) in acetone. Schemes 1-6 are shown
in Table 1.

Table 1. Weighed samples of substances for the synthesis of complexes

) Formula Mass of the weighed sample | Mass of the weighed sample
Complexing agent ] )
of the starting salt of the salt, g of spirocarbon, g
Cu* Cu(NO3),-3H,0 0.1330 0.2649
Zn** ZnCl, 0.1020 0.1806
Mn?** MnCl, 0.1110 0.2119
Co** Co(NO:s),-6H,O 0.1460 0.2408
Cd* Cd(NO:s),-4H,O 0.1450 0.1132
La* La(NO;);-6H,O 0.1390 0.1541

The optimal molar ratio of substances was 1:1 for Sk complexes with Zn**, Mn?**, Cd** and
1:2 for Cu*, Co?**, La** (the completeness of ligand binding was verified by electronic
spectroscopy). The solution was stirred for 5-15 minutes on a magnetic stirrer until a viscous
solution formed. The viscous solution was filtered; the filtrate was stored in a tightly sealed
vessel. After 2-3 weeks, transparent prismatic crystals are formed, filtered off, washed with
acetone, and air-dried. The obtained complex compounds exhibit the best solubility in aprotic
bipolar solvents. They are very soluble in DMF and DMSO, readily soluble in alcohols and
acetonitrile, sparingly soluble in water, and practically insoluble in nonpolar organic solvents
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ci Cl
Mn

oyn n—<0 acetone / \o

MnCl, + HN NH _1>20min Os/n HN—Z
NH
HyC CH; HN

CH; H,C
(1) H;C CH, CH;

Scheme 2. Synthesis of complex 3

144



FROM CHEMISTRY TOWARDS TECHNOLOGY b1Ia:ie1] 4

VOL. 6, ISSUE 3, 2025

Hsc_CHs cHy
HN Hs
)\NHN NH
° n H ° acetone OQ\ J'o-
-20 mi 0 -o-N*
Co(NO;),*6H,0 + 2 HN NH _>20min_ 0 , HZ‘;—;CoiOHZO o + 4H,0
N".o
H,C CH, o ;\o
(1) HN <
H.C NH
3
HsC cHSHs
(4)
Scheme 3. Synthesis of complex 4
o o
-O—N\ ?HZ ’N+_o.
o o
(o) H (o) N g
»—N n% acetone /Cd
* 15-20 min \
Cd(NO3),"4H,0 + HNMH _15-20min o>\—NHH o * 3H0
N—?
o, e MQN“
(1 H;C
%~ CH, H,e CHs
(5)
Scheme 4. Synthesis of complex 5
H;c_CHs cH
HN Hs
)‘NHN NH
O HH o’ H o
N N 1a5c;2e(t]on(_a 5 s
La(NO;);*6H,0 + 2 HN NH 22T, 0 "'Z%-Laio“z o + 4H,0
N*.o-
HsC CH, g ‘I-I\O
(1) HN —
H.C NH
3
HsC cHSHs
(6)
Scheme 5. Synthesis of complex 6
cL ,Cl
O H o
N H—( acetone / \
15-20 min
ZnCl, + HN NH 2T YN HN,<
H;C CH HN
3 CH; H,c 73 CH,
(1 H,C CH3 CH;

Q)
Scheme 6. Synthesis of complex 7

145



.k&ROM CHEMISTRY TOWARDS TECHNOLOGY I 1E8 14y VOL. 6, ISSUE 3, 2025

Sk (1; ligand; gross formula C,;HxN,O5). Yield is 96% (1.12 g). White fine-crystalline powder.
Found, %: C 54.81; H 8.34; N 23.33. Calculated, %: C 54.98; H 8.39; N 23.32. IR, Vimay, cm™’: 3310,
3295, 3203 (N-H), 3075 (CH,), 2970, 2925 (CHs), 1650 (C=0), 1420 (C-N). Amex = 206 nm.

[CuSk:(H,0)](NO:s): (2). Yield is 82% (0.3099 g). Pale blue crystals. Found, %: C 38.76;
H 6.23; N 19.66. Calculated, %: C 38.51; H6.17; N 19.71. IR, Vimay, cm™: 3630 (H,O); 3285 (N-H);
3087, 2956, 2896 (CH,, CH,); 1621, 1642 (C=0, amide I); 1446 (C-N); 825 (NO5). Amax = 243 nm.

[MnClL-Sk] (3). Yield is 87% (0.2807 g). Beige crystals. Found, %: C 37.08; H 6.51; N 20.30.
Calculated, %: C 37.99; H 6.38; N 20.14. IR, Vimay, cm': 3354, 3302, 3263, 3235 (N-H); 2940, 2891
(CHs); 1645 (C=0, amide I); 1478 (C-N). Amax = 269 nm.

[CoSk,(H20),](NOs), (4). Yield is 75% (0.2560 g). Lilac crystals. Found, %: C 38.64;
H 6.99; N 20.66. Calculated, %: C 38.26; H 6.28; N 20.28. IR, Vi, cm™: 3650 (H,0), 3296 (N-H),
2975, 2922, 2880 (CH;, CH,), 1622 (C=0, amide I), 1034, 1369, 753, 827 (NO;), 1447 (C-N).
Amax = 515 nm.

[CA(NOs),Sk(H,0)] (5). Yield is 90% (0.2095 g). White crystals. Found, %: C 26.68;
H 4.21; N 16.89. Calculated, %: C 26.71; H 4.48; N 16.99. IR, Vi, cm': 3570, 1501 (H,O);
3303 (N-H); 3080 2975, 2900 (CH,, CHs); 1617 (C=0, amide I); 832 (NO3). Amax = 269 nm.

[LaSk:(H20)2(NOs)s] (6). Yield is 92% (0.2530 g). Transparent prismatic crystals. Found,
%: C 21.96; H 4.07; N 16.32. Calculated, %: C 21.97; H 4.02; N 16.30. IR, Vi, cm™: 3660 (H,O);
3240 (N-H); 3076, 2955, 2901, 2870 (CH,, CHs); 1636 (C=0, amide I); 1478 (C-N), 1390 (N=0),
1500 (H,0), 1270, 1050, 803, 776 (NO5"). Amax = 263 nm.

[ZnCl-SKk] (7). Yield is 89% (0.2517 g). Brown crystals. Found, %: C 35.16; H 5.11;
N 14.77. Calculated, %: C 35.08; H 5.35; N 14.88. IR, Vma, cm’: 3375, 3331, 3329, 3260 (N-H);
3079, 2974, 2890 (CH,, CH3); 1635 (C=0, amide I); 1505 (amide II), 1446 (C-N). Anax = 235 nm.

Main body

The organic ligand spirocarbon has been synthesised. Its composition and structure have
been confirmed by spectral methods. The UV spectrum is characterised by an absorption
maximum at Am. = 206 nm (see Fig. 2).

Fig. 2. UV spectrum of spirocarbon

The IR spectrum of compound 1 (see Fig. 3) shows characteristic absorption bands of
stretching vibrations corresponding to the functional groups of spirocarbon: carbonyl
(1650 cm™), amino group (3310, 3295, 3203 cm™), and confirmation of the C-N bond presence
(1420 cm™). The spectral characteristics are consistent with literature data [16].
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Fig. 3. IR spectrum of spirocarbon

Analysis of spirocarbon complexes IR spectra, the metal is coordinated to the ligand via
the oxygen atom of the amide group ~-CO-NH-. It is evidenced by the shift of the C=0 band
to the long-wavelength region of the spectrum. This is supported by electronic
spectroscopy data: a series of bathochromic shifts corresponding to m>m* transitions are
observed (see Figs. 4 and 5).

Bathochromic shifts (1)

sk(1) — sk-Co(4) ——sk-Cd(s) —sk-Cu(2)
Fig. 4. Electronic spectra of the compounds 1, 4, 5, 2

Bathochromic shifts (2)

sk(1)

Sk-La(6) e S k-2 7) — Sk-MA(3)

Fig. 5. Electronic spectra of the compounds 1, 6,7, 3
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Identification of biological targets for spirocarbon was conducted using the PASS Online
web service [17]. It forecasts the probability of its interaction with various molecular targets
based on the analysis of the compound's molecular structure. Table 2 shows the proteins
forecasted as potential direct targets for interaction with the ligand.

Table 2. Forecasting the interaction with molecular targets

Probability of interaction with biological
Name

targets
a-Synuclein 0.8237
Serine/threonine-protein kinase PLK3 0.3635
Protein kinase C iota 0.3443
Neuronal acetylcholine receptor subunit alpha-7 0.3227
ADAMTS-4 0.3266

As a result, the program provided a table containing probable molecular targets, sorted in
descending order of the Confidence value (the probability of ligand-target interaction). Proteins
with Confidence values exceeding the established threshold of 0.7 were considered priority
targets. The Alpha-synuclein protein satisfies this condition [18].

To prepare the ligand structure for subsequent docking, geometry optimisation was
performed using the Firefly program [19] via the PM3 method. The result of the geometry
optimisation (see Fig. 6) of the molecule in *.out format was visualised using the Chemcraft

’;ﬁ

program [20].

@
xgs
&
-

P W
@ X
o

2
“o ®

¢V %
Fig. 6. Optimised geometry of the spirocarbon molecule
Molecular docking was performed to evaluate the mechanism of action of spirocarbon
due to the absence or limited number of direct structural analogues among known biologically
active compounds. As a result of docking using the SwissDock software [21], several possible
conformations were identified, i.e., variants of the spatial arrangement of the ligand in the
complex with the protein, differing in binding energy. The most geometrically similar
conformations are grouped into clusters; their averaged characteristics are ranked by binding
energy (cluster rank). It is shown in Table 3.
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Table 3. Energetic characteristics of ligand conformations.

Conformation Cluster Rank of cluster Energy (kcal/mol)
1 0 0 -6.34
2 4 3 -6.27
3 23 0 -6.25
4 12 0 -6.22
5 6 3 -5.91

Conformations with the lowest (most negative) energy values, reflecting the most stable
ligand-protein interaction, were selected for further analysis.

Conformation 1

Cluster: 0

ClusterRank: 0

Energy is -6.34 kcal/mol

The following bonds were formed (see Fig. 7):

e The oxygen atom of the amide group of 4,4,10,10-tetramethyl-1,3,7,9-
tetraazaspiro[5.5]undecane-2,8-dione.

e The hydrogen atom (HN) of the ASP115/HN, MET116/HN, GLU114/HN groups.

e The hydrogen atom (NH) and MET116/0, GLU'114/HN formed a hydrogen bond.

Fig. 7. Formation of a bond between 4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione and the
enzyme's active site (conformation 1)

Conformation 2

Cluster: 4

ClusterRank: 3

Energy is 6.27 kcal/mol

The following bonds were formed (see Fig. 8):

e Dipole-dipole interactions: LYS'21/C=0 with C=0 of the ligand.

e Dipole-induced dipole: the carbonyl group (C=0) is polar. It can induce a dipole in
an adjacent C-H bond. It will lead to weak attractive interactions: THR22/H with
C=0 of the ligand, LYS21/H with C=0 of the ligand.

e A multitude of van der Waals forces (dispersion forces) between C-H...H-C; C-H...N.
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Fig. 8. Formation of a bond between 4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione and the
enzyme's active site (conformation 2)

Conformation 3
Cluster: 23
ClusterRank: 0

Energy is -6.25 kcal/mol

The following bonds were formed (see Fig. 9):

Hydrogen bonds: LYS96/N-H with C=0 of the ligand, LEU100/O with N-H.
Dipole-induced dipole: the carbonyl group (C=0) is polar. It can induce a dipole in
an adjacent C-H bond. This will result in weak attractive interactions: LYS96/H with
C=0 of the ligand, LYS97/H with C=0 of the ligand, LEU"100/H with C=0 of the
ligand.

A multitude of van der Waals forces (dispersion forces) between C-H...H-C; C-H...N.

7

Fig. 9. Formation of a bond between 4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione and the
enzyme's active site (conformation 3)

Conformation 4

Cluster: 12

ClusterRank: 0

Energy is -6.22 kcal/mol

The following bonds were formed (see Fig. 10):

Hydrogen bonds: LYS 43/0 with NH of the ligand.

A multitude of van der Waals forces (dispersion forces) between C-H...H-C;
C-H...N;C-H ... O.

Dipole-induced dipole: the carbonyl group (C=0) is polar. It can induce a dipole in
an adjacent C-H bond. This will result in weak attractive interactions: LYS43/C=0
with C-H of the ligand, GLY36/C=0 with C-H of the ligand, VAL"40/C=0 with C-
H of the ligand.
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Fig. 10. Formation of a bond between 4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione and the
enzyme's active site (conformation 4)

Conformation 5

Cluster: 6

ClusterRank: 3

Energy is -5.91 kcal/mol

The following bonds were formed (see Fig. 11):

e Hydrogen bonds: LYS58/N-H with C=0 of the ligand, GLN62/N-H with N of the
ligand.

e A multitude of van der Waals forces (dispersion forces) between C-H...H-C;
C-H...N;C-H ... O.

Fig. 11. Formation of a bond between 4,4,10,10-tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione and the
enzyme's active site (conformation 5)

According to data obtained data on the modes of ligand-target binding, conformation 1
is the most preferred due to being of the zero cluster and possessing the lowest negative binding
energy. Similarity in energies is also observed for conformations 1-4 (AEn. = 0.12 kcal/mol).
It may indicate the possible existence of alternative pathways for ligand binding to the target's
active site.

To evaluate the drug potential of spirocarbon and its derivatives, lipophilicity was studied
using the software package [22] at various pH values to forecast membrane permeability,
bioavailability, and pharmacokinetics (see Figs. 12 and 13).

The lipophilicity of spirocarbon (1) (Fig. 12, curve 1) shows little dependence on pH. However,
in alkaline medium, log D (the compound's distribution coefficient between lipid and aqueous
phases; a measure of lipophilicity) decreases sharply due to the presence of a basic -NH group.
A lipophilicity value <1 indicates a moderate ability of the free spirocarbon molecule to
penetrate cell membranes. The amide group is almost non-ionisable in the pH range of 2-12
and has little effect on log D changes in this range.

151



.k&ROM CHEMISTRY TOWARDS TECHNOLOGY I 1E8 14y VOL. 6, ISSUE 3, 2025

In the Cu** complex (2), log D (Fig. 12, curve 2) increases at low pH values up to 7.
It occurs due to the gradual deprotonation of a weak basic group, thereby increasing the
molecule's lipophilicity. Protonation arises from the presence of a basic -NH group or
protonation of water molecules coordinated to the metal. In the pH range from 7 to 12, the
basic group is fully deprotonated, and there are no other ionisable groups (the amide group
does not ionise in this range and forms hydrogen bonds). Lipophilicity >2 indicates good
absorption and bioavailability [23].

The Mn* complex (3) (Fig. 12, curve 3) features a weakly and gradually deprotonating
basic -NH group. It increases the molecule's lipophilicity. The value remains constant in the
pH range of 6-11. A value of 1.9 shows good absorption and bioavailability, likely due to the
absence of coordinated water. This water is hydrophilic (the more water molecules and the
stronger the "metal-H,O" bond, the lower the log D).

log D .vs. pH (1)

o
[~
@
o
=
o
-
"~
[
B

log D

pH

== sk (1) == Cu-5k (2) Mn-Sk (3)

Fig. 12. Plot of log D vs. pH for Sk (1), [CuSk,(H.O)](NO3),, [ZnCl,-SK]

The Co*" complex (4) (Fig. 13, curve 4) shows a low increase in log D at low pH values.
It is associated with the gradual deprotonation of a weak basic group (-NH or coordinated
water). In the pH range of 6-11, lipophilicity increases slightly. At higher pH, lipophilicity <2
indicates moderate absorption and bioavailability (reason: two hydrophilic coordinated water
molecules).

The Cd** complex (5) (Fig. 13, curve 5) is characterised by an increase in lipophilicity
across the entire pH range of 0-12. It is attributed to the hydrophilicity imparted by coordinated
nitrate anions and steric effects that hinder the complex’s penetration into lipid environments.

The La** complex with spirocarbon (6) (Fig. 13, curve 6) shows the lowest log D values
overall across the pH range of 0-12. It is due to hydrophilicity and steric effects (properties
arising from the presence of nitrate anions). A log D <0 indicates poor permeability through
cell membranes.

The Zn** complex with spirocarbon (7) (Fig. 13, curve 7) shows a gradual increase in log D
from low pH values up to pH 7 due to the presence of a weak basic NH group deprotonating
gradually. Consequently, lipophilicity increases. In the pH range of 6-11, lipophilicity remains
constant. A lipophilicity value >2 shows good absorption and bioavailability. Such log D values
may be associated with the absence of coordinated water, which is hydrophilic.

152



FROM CHEMISTRY TOWARDS TECHNOLOGY b1Ia:ie1] 4 VOL. 6, ISSUE 3, 2025

log D .vs. pH (2)

logD
L=

pH

=@~ Co-Sk (4) =@ Cd-5k (5) La-5k (&) =il=2Zn-5k (7)

Fig. 13. Plot of log D vs. pH for [Cd(NO3),Sk(H,0)], [LaSk,(H,0)2(NOs)s], [CoSk(H,0)], [Cd(NO;).Sk(H,O)]
Conclusions

Complex compounds of spirocarbon with Cu*, Zn*, Mn*, Co**, Cd**, La** cations have
been synthesised. Analysis of the IR spectra confirmed metal coordination to the ligand via the
oxygen atom of the amide group as evidenced by the shift of the C=O band to longer
wavelengths. The magnitudes of the shifts were 29 cm™ (Cu*), 15 cm™ (Zn?**), 5 cm™ (Mn*),
28 cm? (Co*), 32 cm™ (Cd*), and 14 cm™ (La’**). Absorption maxima are as follows: Amaa = 243 nm;
Amax2 = 235 N5 Amaxs = 269 NM; Amaxa = 515 1M, Amaxs = 269 nm, Amass = 263 nm. Based on docking
analysis results, the identified biological target - a-synuclein - binds to the ligand (spirocarbon)
via hydrogen bonds between the oxygen and hydrogen atoms of the amide group of 4,4,10,10-
tetramethyl-1,3,7,9-tetraazaspiro[5.5]undecane-2,8-dione and the hydrogen and oxygen atoms
of the amino acid residues of the protein. The lipophilicity study shows good absorption and
bioavailability for Zn** and Mn** complexes in the pH range of 6-11 (the ligand showed
moderate values). The obtained data provide broad prospects for the future biomedical
application of spirocarbon and its metal complexes.
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Keywords: Abstract. A silver nanocomposite on a matrix of the natural polysaccharide guar gum
Guar gum, silver cross-linked with borate bridges was obtained. Metallic nanoparticles were
nanoparticles, catalysis, synthesised by the reduction of silver ions under the action of the polysaccharide.

reduction, 4-nitrophenol  The formation of the nanocomposites was confirmed by UV and IR spectroscopy and
X-ray diffraction analysis. The resulting polymeric nanocomposite shows catalytic
activity in the reduction of 4-nitrophenol with sodium borohydride under mild
conditions.
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Introduction

Nitroaromatic compounds in wastewater from chemical industry plants is a threat to
aquatic flora, fauna, and humans, even at low concentrations. 4-Nitrophenol is a hazard class 2
substance with a maximum permissible concentration (MPC) of 0.02 mg/l in water for
domestic, drinking, and municipal and amenity water use. Removing this and other
nitroaromatic compounds from wastewater is an urgent task. In turn, the reduction of
4-nitrophenol yields 4-aminophenol. It is used as a component in fur dyes and as an
intermediate in the production of various reducing agents and sulfur dyes.

Nowadays, the use of metal nanoparticles as catalysts for reduction has been developed.
Their high specific surface area approximates catalysis closer to the homogeneous type.
Moreover, the significantly higher proportion of metal atoms on the nanoparticle surface
compared to conventional heterogeneous catalysts. Therefore, the term "nanocatalysis" has
been introduced, regarded as a unique "bridge" between heterogeneous and homogeneous
catalysis [1].

Nanoparticles of Rh, Pt, and Au have been used as reduction catalysts [2, 3]. However,
the use of Ag nanoparticles is preferred [4] due to their relative affordability, catalytic activity,
selectivity, stability, and potential for reuse. Initially, there were attempts to catalyse reactions
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using colloidal solutions of silver nanoparticles [5]. However, those were unstable and degraded
within 20-30 days. To stabilise the nanoparticles, inorganic matrices of Cu [6], iron metallogel
[7], TiO; 8], and CeO; [9] have been applied.

The use of polymer nanoparticles as matrices for stabilising colloidal silver is more
promising. Copolymers of N-isopropylacrylamide [10-12], styrene [12, 13], and pyrrole [14]
obtained via emulsion polymerisation have been applied as such matrices. The reduction
reaction of 4-nitrophenol occurs in an aqueous medium. Indeed, it is logical to utilise
hydrophilic natural polysaccharides as carriers for silver nanoparticles. Reported examples
include agar, pectin, and carboxymethylcellulose [15], extract from leaves of the tropical plant
Cucumis maderaspatanus [16], polyaminocyclodextrin [17], and a graft copolymer of chitosan
with N-isopropylacrylamide and acrylic acid [18]. An advantage of using this class of polymers
is the reduction of Ag® ions to Ag® without the reducing agent (typically NaBH.,), by the
functional groups of the polysaccharide itself only [15, 16, 19]. One of the most common
polysaccharides is guar gum (GG). It refers to the group of galactomannans and consists of
(1-4)-p-D-mannopyranose units linked at every second cycle to a-D-galactose units [20]. Guar
gum is widely used in oil extraction, medical chemistry, water treatment systems, paper, textile,
cosmetic, food, agricultural industries, etc. [21].

The purpose of this work is to study the feasibility of using silver nanoparticles on a guar
gum matrix as a catalyst for the reduction of 4-nitrophenol.

Experimental part

UV spectra were recorded on a W&J UV1600PC spectrophotometer using LEKI ScanPro
software. Measurements were performed in the wavelength range of 200 to 500 nm.

IR spectra were recorded on a Bruker Vertex 70 Fourier transform infrared (FTIR)
spectrometer equipped with a Platinum ATR accessory and a diamond prism (4000-400 cm™,
resolution 2 cm™).

Diffraction patterns were obtained using a Thermo ARL X’TRA diffractometer with
Cu-Ko radiation (K.=1.54443 A). A current of 35 mA and a voltage of 45 kV were applied.
Diffraction intensity was measured at a scanning rate of 2°/min; the measured 20 values ranged
from 10 to 80°.

Synthesis of the guar gum/silver nanocomposite (GG/Ag)

196 ml of distilled water was equilibrated at room temperature under constant mechanical
stirring (500 rpm); then 4 g of a commercial guar gum sample (India) was added to the water.
After 30 minutes of stirring, 1.36 g of AgNO; was added to the polysaccharide solution to
achieve a final concentration of 40 mmol/l, followed by stirring for 30 minutes at 500 rpm.

After 24 hours of storage in the darkness, a colour change from colourless to dark brown
was observed. 50 ml of this solution was thieved and diluted with 50 ml of water to achieve a
homogeneous consistency.

Using a syringe, 5 ml of the homogenized mixture was dropwise added to a beaker
containing 100 ml of acetone, resulting in the formation of spherical granules with a diameter
of 2-4 mm. The granules were placed in acetone for 2 hours.
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The granules were then filtered from acetone, air-dried for 1 hour, and transferred to
100 ml of a 1% aqueous sodium tetraborate solution. They were stored for 4 hours to achieve
sufficient cross-linking between the gum and borate ions.

The granules were filtered, washed with distilled water and acetone until a neutral pH
(as indicated by pH test), and dried at room temperature. The dried granules shrank to half
their original size.

Catalytic reduction of 4-nitrophenol

In a spectrophotometer cuvette with a 1 cm optical path length containing 3 mL of an
aqueous 4-nitrophenol solution (concentration 10 mg/L), 10 mg of catalyst particles and a
weighed sample of NaBH, were added to achieve a final reducing agent concentration of
20 mmol/L. The mixture was immediately stirred and placed in the spectrophotometer cuvette
compartment. The progress of the reaction was monitored by periodically scanning the reaction
mixture in the 200-500 nm range.

Main body

The construction of silver nanocomposites based on guar gum was conducted according
to the "bottom-up” nanotechnology principle, involving the reduction of silver ions to particles
with a size of about 10 nm using primary hydroxyl and aldehyde groups of the polysaccharide.

The formation of silver nanoparticles (prior to the cross-linking stage with borate ions) is
confirmed by objective data, specifically surface plasmon resonance. It leads to the appearance
of an absorption maximum in the UV spectrum. Silver nanoparticles typically exhibit a distinct
absorption peak between 390 and 420 nm. According to Fig. 1, a broad absorption maximum
at 428 nm indicates variations in particle size, shape, or composition. Most likely, the shift to
the longer-wavelength region is due to deviations from the sphericity of the formed particles
rather than an increase in their size [22].

1,0

0,8

250 300 350 400 450 500

A,nm
Fig. 1. UV spectrum of the guar gum solution with silver nanoparticles

For the powdered sample obtained after drying, an X-ray diffraction spectrum was
recorded. The spectrum of the initial guar gum sample (Fig. 2) exhibits a bimodal amorphous
halo with a distinct reflex at 20 = 20.5°. A similar spectrum is provided in the literature [23].
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Fig. 2. Diffractogram of the initial guar gum

The spectrum of the polysaccharide (Fig. 3) containing silver nanoparticles confirms their
presence in the sample. Thus, the distinct reflex at 26 = 39.3° corresponds to the (111) plane of
the face-centered cubic lattice. The reflex at 20 = 46.4° corresponds to the (200) plane. The
values are overestimated compared to the classical values (38.1° and 44.3°, respectively).
However, as for the UV spectra, it can be explained by distortions of the crystal lattice caused
by its incomplete formation and deviations from the ideal shape. The reflexes at 260 = 21.5° and
23.8° are attributed to the crystalline structures of guar gum.
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Fig. 3. Diffractogram of guar gum with silver nanoparticles

The IR spectrum of the gum with silver nanoparticles shows no significant differences
from the spectrum of the initial guar gum. However, differences appear after treating the
granules with a sodium tetraborate solution. In the IR spectra of polysaccharides, the most
informative and sensitive to structural changes is the range from 1200 to 1000 cm™. It exhibits
absorption bands at 1148 cm™ (C-O stretching vibrations in the CH,OH fragment), 1059 cm™
(asymmetric Cs—O-C,; stretching vibrations), and 1015 cm™ (-CH,- twisting vibrations). When
comparing the spectra of the gum before and after treatment with Na,B4O; (Fig. 4), a noticeable
change in the intensity of the absorption bands in this range is observed. A shift to the
longer-wavelength region occurs for the absorption bands at 1015 cm™ (to 1030 cm™) and
1059 cm™ (to 1070 cm™).
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Fig. 4. IR spectra of the initial and modified gum

To catalyze, it was necessary to form special catalyst particles for their conveniently
introduction into the reaction mixture, recovery, and reuse. Guar gum, while being a
water-soluble polymer, is insoluble in a number of water-miscible solvents (ethanol, methanol,
acetone). We utilised this property to obtain the subsequently convenient polymer granules to
use them in catalytic reduction reactions. A solution of the polymer loaded with silver
nanoparticles at various concentrations was introduced using a medical syringe into a beaker
containing acetone; the spherical granules with a diameter of 2-4 mm rapidly were formed in
the solution. A 1% gum solution proved to be the most convenient for the formation of isolated
granules. In this case, individual granules resistant to agglomeration were formed. When using
a 2% solution, the flow through the nozzle of the medical syringe was very slow, resulting in the
formation of elongated particles. The structure of the formed granules was fixed by strong
covalent intermolecular bonds formed by borate ions.

The obtained catalyst granules were used for the reduction of 4-nitrophenol. The
reduction reaction of 4-nitrophenol is thermodynamically favorable. However, it proceeds very
slowly in the absence of a catalyst. Without the addition of the catalyst, the optical density in
the cuvette remains almost unchanged (Fig. 5).
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038 \ 1 min
- 1/ \
<06 N /i 2 min
/ Y/ ——5min
04 - / 78 \
N~y /N A\ 10 min
02 -~ — e AN
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Fig. 5. UV spectra of 4-nitrophenol in the absence and presence of sodium borohydride

The initial spectrum of 4-nitrophenol is characterized by an absorption maximum at
316 nm. However, in the presence of sodium borohydride, a bathochromic shift occurs; the
absorption maximum shifts to the 400 nm range. After the addition of sodium borohydride, a
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gradual decrease in absorption at 400 nm and a corresponding increase in optical density at
300 nm are observed (Fig. 6). It is associated with an increase in the concentration of
4-aminophenol. During this process, hydrogen generated from NaBH, promotes solution
mixing and removes air, preventing the oxidation of 4-aminophenol in air. However, the
bubbles affect the accuracy of optical density measurements; in some cases, it makes them
almost impossible.
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Fig. 6. UV spectra of 4-nitrophenol and its reduction products

Figs. 7 and 8 show the dependence of the optical density of 4-nitrophenol and
4-aminophenol for the borate-crosslinked catalyst at 400 and 300 nm. As a result, the reaction
is completed within 15 minutes; it indicates the high efficiency of the catalyst used.
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Fig. 7. Dependence of the optical density of 4-nitrophenol at 400 nm on the reduction time
0.12
0,10

0,08

0 5 t,m 10 15

Fig. 8. Dependence of the optical density of 4-aminophenol at 300 nm on the reduction time
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Conclusions

A silver nanocomposite on a matrix of the natural polysaccharide guar gum cross-linked

with borate bridges was obtained. The silver nanoparticles were obtained through reduction of

silver ions mediated by the functional groups of the polysaccharide. The formation of the

nanocomposites was confirmed by UV and IR spectroscopy and X-ray diffraction analysis. The

synthesized polymer nanocomposite demonstrates catalytic activity in the sodium borohydride

reduction of 4-nitrophenol at room temperature, with the reaction proceeding on a minute

timescale.
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Introduction

Ferrocene and its derivatives have found widespread application as modifiers and
stabilizers for polymers, initiators, and activators for the vulcanization of rubber compounds,
absorbers of various types of radiation including cosmic radiation. They are also implemented
as regulators of combustion processes, polymer composites, and highly effective non-toxic
pharmaceutical substances. Ferrocene compounds are used to control the combustion of solid
rocket propellants; liquid ferrocene derivatives also act as plasticizers.

The broad range of applications for ferrocene derivatives determines the development of
compounds with multiple active functional groups. Therefore, the introduction of substituents
containing ether groups into the side chain of ferroceryl derivatives is of particular interest. It gives
a lot of opportunities for exploring practical uses of these compounds in various fields [1-9].
The most promising and debated areas of application for ferrocene derivatives with ether, alkyl,
and complex substituents are polymer composites and solid propellant systems exhibiting good
compatibility with each other [7, 9].
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Main body

1-Ferrocenyl-1,3-butanediol was used as the starting compound. This compound can
replace a hydrogen atom with metal atoms; its hydroxyl groups can be replaced with a wide
range of alkyl and aryl substituents. Furthermore, it can form both simple and complex esters.
It provides the opportunities for obtaining a multitude of new compounds and expands the
scope of application for ferrocene derivatives. The synthesis of the new substances was
conducted according to a methodology similar to presented in the literature [11]. Since
ferrocene derivatives are tended to degradation of the organometallic core in the presence of
weak acids and strong oxidizing agents, concentrated sulfuric acid was used as an agent to form
a stable acidic environment and prevent a metallocene core from oxidizing.

The presence of two hydroxyl groups in the side chain allows obtaining of ferrocene
simple ethers via the reaction of 1-ferrocenyl-1,3-butanediol with aliphatic alcohols. The esters
have a modifying effect on various oxidation-reduction processes and systems. The reaction
between these compounds can proceed at both hydroxyl groups with the formation a mono-a-
and y-substituted product, and a di-a- and y-substituted product.

To catalyze the process of simple ethers preparation, an acidic medium is required.
Concentrated sulfuric acid was chosen as the catalyst.

Since the reaction can proceed at both hydroxyl groups, the formation of compounds at
either the a- or y-positions is possible. However, the hydroxyl group at the a-position of the
ferrocenyl substituent is more sterically hindered compared to the y-hydroxyl group. Therefore,
the formation of 1-ferrocenyl-1-hydroxy-3-alkoxybutane becomes more probable.
Furthermore, the y-hydroxyl group exhibits greater reactivity due to the lesser inductive
influence of the methyl substituent compared to the inductive effect exerted by the ferrocenyl
moiety on the a-hydroxyl group.

Trace amounts of monosubstituted ferrocenyl alcohols, both a- and y-substituted, were
detected as byproducts of exhaustive substitution. Increasing the reaction time and temperature
decreases the yield of the target product due to the cleavage of ether groups.

The reaction of 1-ferrocenyl-1,3-butanediol with aliphatic alcohols in the presence of
sulfuric acid for 3 hours yields aliphatic ethers (I-IV), which are the products of the substitution
of both hydroxyl groups, in quantitative yield (Scheme 1).

R R

OH OH o o/

| | R-OH
CH—CHZ—CH—CHa .—CH—CHZ—CH—CH3 +H,0

H 2504
Fe
1 |
! 1

R = CHj (1), R = CyHs (1), R = C3Hg (Ill), R = C4H,
Scheme 1. Synthesis of 1-ferrocenyl-1,3-butanediol esters

The reaction progress and purity of the obtained compounds were monitored by TLC on
Silufol plates (Czechoslovakia) using toluene:ethyl acetate (1:1) as the eluent, with detection by
exposure to metallic iodine vapors. For column chromatography, Silicagel L 100/200 (Chemapol)
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was used. IR spectra were recorded on a SPECORD 75IR spectrophotometer in the range of
4000-400 cm™ as a film on KBr lenses. 'H NMR spectra were acquired on a Bruker Avance III
spectrometer (600 MHz) using TMS as an internal standard and CDCl; as the solvent.
Elemental analysis was performed on a Vario EL III CHN analyzer. We determined melting
temperatures in open capillaries on a PTP instrument (TU25-11-1144-76).

Conclusions

Aliphatic ethers of 1-ferrocenyl-1,3-alkoxybutanes have been synthesized. A series of
simple ethers of 1-ferrocenyl-1,3-butanediol with linear aliphatic alcohols was obtained. The
reaction with the aliphatic alcohol proceeds at both hydroxyl groups of 1-ferrocenyl-1,3-butanediol.
The conditions for the reaction between 1-ferrocenyl-1,3-butanediol and aliphatic alcohols
were determined. Increasing the size of the alkyl substituent in the aliphatic alcohol decreases
its reactivity and the product yield.

Experimental part

1-Ferrocenyl-1,3-dimethoxybutane (I)

3.33 g (0.012 mol) of 1-ferrocenyl-1,3-butanediol was dissolved in 83.24 ml (2.6 mol) of
methanol. With stirring, 21.44 ml (0.12 mol) of concentrated (96%) sulfuric acid was added.
The reaction was conducted at 75 °C for 2 h. After the hold time, the mixture was poured into
ice and neutralized with aqueous ammonia. The residue was extracted with toluene. The
product was purified by column chromatography on silica gel using ethyl acetate as the eluent.
Yield is 3 g (81.74 %). Tme: = 180 °C; black crystalline solid. IR-spectrum, cm™ 2970, 1170, 1240,
1040, 1360, 1280, 1010, 870. Found, % C 62.9, H 6.9. Calculated, % C 63.6, H 7.3. NMR spectrum
'H, 8, ppm: 4.10-4.30 m (9H, Fs), 3.30-3.48 m (8H, 20CH, OCHS), 2.50-3.86 m (8H, OCH,),
1.80-1.86 m (2H, CHCH,CH), 1.18-1.24 m (3H, CHs).

1-Ferrocenyl-1,3-diethoxybutane (II)

5 g (0.018 mol) of 1-ferrocenyl-1,3-butanediol was dissolved in 62.5 ml (1.36 mol) of
ethanol. With stirring, 16.1 ml (0.089 mol) of concentrated (96%) sulfuric acid was added. The
reaction was conducted at 85 °C for 3 h. After the hold time, the mixture was poured into ice
and neutralized with aqueous ammonia. The residue was extracted with toluene. The product
was purified by column chromatography on silica gel using ethyl acetate as the eluent. Yield is
4.1 g (68.3%). Tmeit = 147 °C; black-brown crystalline solid. IR-spectrum, cm™ 2900, 1080, 1140,
1290, 1330, 1285, 1100, 1020, 800. Found, % C 65.1, H 7.2. Calculated, % C 65.5, H 7.9. NMR
spectrum 'H, §, ppm: 4.07-4.31 m (9H, Fc), 3.30-4.48 m (6H, 20CH, OCH.), 1.86 m (2H,
CHCH,CH), 1.18-1.24 m (9H, CH,).

1-ferrocenyl-1,3-dipropoxybutane (III)

5 g (0.018 mol) of 1-ferrocenyl-1,3-butanediol was dissolved in 62.5 ml (1.04 mol) of
propyl alcohol. With stirring, 16.1 ml (0.089 mol) of concentrated (96%) sulfuric acid was
added. The reaction was conducted at 85 °C for 3 h.

After the hold time, the mixture was poured into ice and neutralized with aqueous
ammonia. The residue was extracted with toluene. The product was purified by column
chromatography on silica gel using ethyl acetate as the eluent. Yield is 5.2 g (80%). Tie: = 154 °C;
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black crystalline solid. IR-spectrum, cm™ 2880, 1080, 1210, 1180, 1390, 1280, 1030, 1090, 780.
Found, % C 66.4, H 8.1. Calculated, % C 67.04 H 8.38. NMR spectrum 'H, §, ppm: 4.10-4.30 m
(9H, Fs), 3.30-4.48 m (6H, 20CH, OCH,), 1.86 m (2H, CHCH,CH), 0.99-1.50 m (13H,
CH,-CHs, CHs).

1-Ferrocenyl-1,3-dibutoxybutane (IV)

1.6 g (0.006 mol) of 1-ferrocenyl-1,3-butanediol was dissolved in 30 ml (0.4 mol) of
n-butyl alcohol. With stirring and cooling, 7.2 ml (0.039 mol) of concentrated (96%) sulfuric
acid was added. The reaction was conducted at 85 °C for 3 h. After the hold time, the mixture
was poured into ice and neutralized with aqueous ammonia. The residue was extracted with
m-xylene. The product was purified by column chromatography on silica gel using ethyl acetate
as the eluent. Yield is 1.7 g (73.9%). Tma: = 125 °C; black crystalline solid. IR-spectrum, cm'™
2940, 1070, 1150, 1290, 1390, 1200, 1100, 1000, 900. Found, % C 67.9, H 8.3. Calculated, %
C68.4 H 8.8. NMR spectrum 'H, §, ppm.: 4.05-4.31 m (9H, Fc), 3.30-3.48 m (6H, 20CH,
OCHa), 0.96-1.44 m (17H, 2CH,CH,CHj3, CHs).
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