ISSN 2707-5769 (Online)

362025 KATAJII3
TA
HADOTOXIMIA




KATAJII3 TA HAOTOXIMIA

30ipHuK 3acHOBaHuii B 1994 p.

Y 30ipHUKY  JApYKYylOTbCA  Martepiaid 3
BUCBITIICHHS ~ HaraJlbHUX NHTaHb  Karawi3y,
PO3POOKH HOBHX KaTaJli3aTOpiB Ta TEXHOJIOTTUHHX
mporeciB,  aHanmizy — (QyHOAMEHTaTbHHX 1
MPUKIaTHAX ~AaCHeKTIB Cy4acHOi HaTOXiMii,
JOCSTHEHh OCHOBHOTO OPTaHIYHOTO CHHTE3y Ha
0a31 BUKOITHOI Ta NOHOBTIOBAILHOT CUPOBUHH.
«Kartaniz Ta HadTOXIMis»» TpHIMAE 10 PO3TIITY
OIISIZIOBI Ta OpWUTiHANBHI HAyKOBI CTaTTi, IIO
y3arajbHIOIOTh €KCIIEPUMEHTAJIbHI Ta TEOPETUYHI1
JOCHIDKEHHS; 1HQOPMAII0 IIOA0 MPOBEACHUX
KOH(epeHIIiii, ceMiHapiB; KOPOTKI TOBiIOMIICHHH,
SKi  BIAMOBIJAIOTH  Temartuii  30ipHUKA 1
HANpaBJIeHI Ha PO3BUTOK BITYM3HSHOI XIMIUHOT
MIPOMHCIIOBOCTI.

3acHOBHUKM 30ipHHMKa:

[HcTUTYT GioOpraniuHoi XiMii Ta HaQTOXIMIT

im. B.I1. Kyxaps HAH Vkpainu
Harmionansuuit YHIBEPCUTET
MOJIITEXHIKA.

«JIbBIBCBKA

301pHUK BKIIIOYEHO 110 Kateropii «by» «Ilepeniky
€JIEKTPOHHUX HAYKOBUX (PaxOBHX BHUIAHBY
makaz MOH Ne886 Big 02.07.2020 Ta
3apeecTpoBaHO SK HayKoBe (paxoBe BUIAHHS B
AKOMY MOXYThb MYyONiKyBaTUCh pe3yJIbTaTH
JTUCEepTalliiHUX poOIT Ha 37A00yTTS BUYCHUX
CTYIIEHIB JOKTOpa Ta KaHIUAaTa HayK.

lamy3i nayku: ximivai - Haka3 MOH Ykpainu Bijg
15.04.2014 Ne 455 (nepepeectpauis 02.07.2020);
TexHiuHl - Haka3 MOH VYxkpainu Big 26.05.2014
Ne 642 (nepepeectpauis 02.07.2020).
Crenianmsraocti: 102 - Ximis (02.07.2020); 161 -
Ximiuni TexHosorii Ta imkeHepis (02.07.2020).

30ipHUK 3apeecTpOBaHUN B HAyKOMETPUYHIH
cucremi GoogleScholar, BHecenuii no 0asm
manux Crossref, HarionaapHoi 0i01i0oTEKH
VYkpainu im. B. Bepnancekoro, «HaykoBa
nepioanka YKpaiHu», « YKpaiHika HayKOBa».

Penakiiina koJeris

B.B. bpeli — ronosumii  pemaktop, a.X.H., mpodecop, wi-kop. HAHY (ICIIE HAHY);
C.B. boiiueHko — n.1.H., mpodecop (HTYY «KIll»); B.O. 3axuramaoB —3acr. ronoBHoro
pemakrTopa, A.X.H., npodecop, wr-kop. HAHY (ICIIE HAHY); O.I. IBaneHko — ap.r.H. (HTYV
«KIII»); C.P. MeabHUK — n.1.H., npodecop (HY «JIbBiBchka nomitexnikay); J. Mrowiec-Bialon —
PhD, Prof. (SilesianUniv. Technol., Gliwice); P.B. Hebecuuii — n.1.1., npodecop (HY «JIbBiBcbka
nonitexuikay); JI.K. TTaTpuisik — 3act. ronosroro penakropa, 1.x.1. (IBOHX HAHY); C.M. Opiuk
— I.X.H., nmpodecop, wr.-kop. HAHY (IdX HAHY); [FO.1. H}ITHI/IHI)KI/II‘/'I‘—/:[.X.H., npodecop (IOX
HAHY); J. Ryczkowski — Prof. (Univ. Maria Curie-Sklodowska, Lublin); C.O. ConoBiioB — na.x.H.,
npodpecop, uwr-kop. HAHY (I®X HAHY); A.lL Tpunonbchkuii — nx.u. (I®X HAHY);
K. Fatyeyeva — PhD-HDR (Univ. De Rouen Normandie, Mont Saint Aignan)

InenTudikatop meaia R30-04667

Anpeca penakuii: Ykpaina, 02160, Kuis-160, Xapkisceke moce, 50
IncTuTyT Gioopraniunoi ximii Ta HadToximii iM. B.I1. Kyxaps HAH Ykpaiau
Tenedon/daxc +38 050-385-88-51;  E-mail: catpet20@ukr.net

Indopmaniro nmpo «Karamiz ta Hadroximis»y (ISSN 2707-5769) ta crarTi HOMEpiB 30ipHHKAa MOYKHAa OTPHMATH B
Iarepreri :http://kataliz.org.ua



Kamaniz ma nagpmoximisn, 2025, Ne36 1

VK 544.47
https://doi.org/10.15407/kataliz2025.36.001

SNOz-BMicHI KaTaJi3aTOPH ISl IEepPeTBOPEHHS] MOHOIYKPIB
Ha XiMIYHi IPOAYKTH 3 I0JAHOI0 BAPTIiCTIO

Ceitaana B. Ipynaiyc

Tuemumym copbyii ma npobrem endoexonoeii Hayionanvroi akademii nayx Ykpainu
eyn. Oneza Myopaxa, 13, Kuis, 03164, Vrpaina, e-mail: svitprud@gmail.com

Y crarti poO3MNIAHYTO Cy4YacHHMH CTaH 1 TEPCHeKTHBH 3aMiHM BHMKOMHOI CHPOBHHH Yy XIMIYHIH
MPOMHCIIOBOCTI BiIHOBIIOBAaHMMHU JKEpelaMu BYIJenmio, 30KkpeMa Oiomacoro. [IpoaHanmizoBaHo HampsMu
KaTaJiTHIHOI KOHBEpCii ByriIeBOiB, OAep)KaHUX 13 OioMacH, 10 MIHHUX XIMIYHUX CIOJYK, TAKUX SK JIEBYJIIHOBA
KHCIIOTa, €CTEPH MOJIOYHOI Ta TIKOIeBOI KUCIOT. OcoOMMBY yBary MpHUAIIEHO pO3poOIi IS TaKWX MPOIECiB
TBEPAUX KUCIOTHUX 1 OiyHKIIOHAILHUX OKCHIHMX KaTali3aTopiB, IO MICTATH IIOKCHJ Ol0Ba. PosrismaeTbes
TaKOX BIUIMB YMOB CHHTE3y Ha (OpMyBaHHS aKTHBHHUX IeHTpiB JIptoica Ta Bpencrema. HaBeneHo pesynbraTi
BJIACHUX JOCHI/KCHb (i3MKO-XIMIYHUX BJIACTHBOCTEH 3MilmIaHuX OKcuaHuX cucreM ZrO2—Si0>—Sn0a,
Sn02/Al20s, ZnO-Sn02/Al:0s ta Ce02—Sn0O2/Alz0s. TTokazano MOXKIMBICTE JOCATHEHHS BHCOKHX ITOKAa3HUKIB
KOHBEpCii Ta CENEeKTHBHOCTI MpPH TNEpPEeTBOPEHHI (PYKTO3M W KCHUIO3M HA PO3POOJICHHX OJOBOBMICHHX
KaTaji3aTopax 10 JICBYJIHOBOI Ta MypamINHOI KUCIIOT, a TAKOX J0 aJKiUIAKTaTiB 1 MeTuiriikonary. Hampukian,
Ha cynepkuciaoTHOMY okculi ZrO>—SiO2—SnO: BinOyBa€eThCs MOBHE MEPETBOPEHHS (PPYKTO3H A0 JEBYJIIHOBOI Ta
MYpaIuHOl KACIOT 3 BUCOKUMH Buxoaamu (8090 moi. %). Karamizatop SnO2/Al,O3 (5 mac. % miokcumy oosa)
y HPOTOYHOMY pexuMi 3 96 % KOHBEpCi€l0 MEPETBOPIOE IAMTIAPOKCHALIETOH, HAMMPOCTIMIMM MOHOLYKOp, IO
Mmetiwiakrary (cenektuBHicTe 90 moi. %). Karamizatop ZnO-SnO:/Al:Os 3 OCHOBHHUMH Ta KHCJIOTHHMH
LEHTPaMHU CIpUsiE TTOBHOMY NEPETBOPEHHIO (PYKTO3HM /0 aTKIJUIAKTATiB (BUXiJ] €THJI- Ta METHIUIAKTATIB 56 Ta
70 % BianmoBinHo). bipynkmionaneaumii CeO>—Sn02/Al.Os kaTamizye mpsiMe MepeTBOPEHHS KCHIO3H (KOHBEPCist
100 %) 3 BuUXOmOM METWIIAKTAaTy Ta MeTHArmikoaaty 42 % ta 24 % sinnosigHo. JloBeneHO cTaOinbHICTH
KaramizaTtopiB micis pereHepamii. OTpuMaHi pe3yibTaTH MiATBEP/DKYIOTh IEPCHEKTHBHICTh 3aCTOCYBaHHS
OJIOBOBMICHHX OKCHJTHHX CUCTEM Y TpOIIecax eKoJIoTiqyHo Oe3nedHoi XiMigHo1 Tpancdopmallii 6iomacu.

Knrouoei cnosa: nioxcua onoBa, 3MilllaHI OKCHIHW, KartajizaTop, ()pyKTo3a, KCHIIO3a, METHIIIAKTAT,
METHJITIIIKOJIAT, JICBYJIIHOBA KUCIIOTA

B Hamr yac BukonHa cupoBuHa (HadTa, MPUPOIHUM ra3 i Byriuis) 3aCTOCOBYIOThCS HE JIMIIE JUIS
3a0e3neueHHs TPaHCIIOPTHUX NMOTped, onaneHHs OyAiBeNb Ta OCBITJIEHHS, aje i BIIrpae KIIOYOBY POJb
y OYHKIIOHYBaHHI CYy4YacHOTO CYCHUIbCTBA, OyAy4Md IHTEIPOBAHOK MPAKTUYHO B Yyci cdepu
xutTeaismbHocTi [1]. Ille Ha mouatky 2000-x pokiB mpubnuzHo 85 % cupoi HagTH nepepodsIoch Ha
piake mamuBo, TOAI K pemTa 15 % BUKOPUCTOBYBaJach JJIi BUPOOHHUIITBA HA()TOXIMIYHOI MPOAYKIIT
[2]. Ha Toif yac cBiTOBa XiMiuHa MPOMUCIIOBICTh Maii’ke MOBHICTIO 3ajexala BiJl BUKOITHUX PECypcCiB y
BUPOOHMLUTBI XiMiuHUX cnodyk [3]. Tak, y CLHA mopiuno Bumyckanocs nonaza 70 000 naliMmeHyBaHb
MPOAYKLIi HAa OCHOBI «HA()TOXIMIYHUX PEUOBHHY», OJCPKAHUX 13 BUKOIHOI CHPOBUHH, 3 SIKMX OJIU3BKO
24 % BHUKOPHCTOBYBAJIOCS SIK NMPOMDKHA CUpOBMHA AJs iHIUX ramyseil [4]. B VYkpaini y 2019 pomi
o0csr BUpOOHMIITBA XIMIYHOT IPOAYKIiT cTaHOBHB 2.8 Mipa non. CHIA; npu 1boMy OpraHiuyHUIA CUHTE3
y TIPOMHUCIIOBOCTI 3/1MCHIOBAaBCS BUKIIOYHO Ha OCHOBI IepepoOKH BHKOMHHX pecypciB [5]. Taxwuii
crnocié BHPOOHMIITBA CYIPOBOJKYETHCS BHUKHMJAMH 3HAaYHUX OOCSTIB BYIVIEKHUCIOIO Ta3zy Ta IHIIMX
NAapHUKOBUX Tra3iB, II0 Ma€ HEraTWBHI HACHIAKU K JJs 370pOB’S Jojei, Tak 1 A rioOaibHOI
€KOCHCTEMH.

Pazom i3 TuM y CBITOBIM NpakTHIll CHOCTEPIraeThCsl MOCTYMOBUH Mepexia BiJ TpagullifHUX
METO/IIB, 3aCHOBAaHMX HA BUKOMHIA CHPOBHUHI, 10 OUIBII CTIHKUX aIbTEPHATHUB, CEpell SAKUX KOHBEpCis
O6iomacu Ta mepepoOka BimxoxmiB. Tak, y 2008 pomi B €Bpormeiickkomy Corozi 11 % Byruero,
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HEOOXI1THOTO JIJIsl 3aCTOCYBaHHS B OpraHiyHiN Ximii, Hagxoausao 3 6iomacu, a Bxe y 2015 pori yacTka

BIJIHOBIIIOBAaHOTO Byruiewto carnyna 14 % [6]. 3a mporHo3amu excneprti, 10 2050 poky el moka3HUK

MOKe 301IBITUTUCS BIIBiYl a00 HaBiTh yTpu4i [6]. [lepexin Big BUKOPUCTaHHS BHKOIHOI CUPOBHHH JI0

Olomacu mepenbayae 3aMiHy BYTJICBOAHIB Ha BYTJIEBOAM SK 0a30Bl XIMIYHI CIIOJYKH, IO 3yMOBIIIOE

HEOOXI1IHICTh paJuKaJIbHOT TpaHCHOpMAIlii TEXHOIOTIYHUX MPOIIECIB.

Cepen pi3HUX BHJIB BIAHOBIIIOBAHOI CHPOBUHU HANOUIBII NMEPCIICKTUBHUMH I BUPOOHUIITBA

XIMIYHUX MPOAYKTIB 3 BHCOKOIO JOJIAHOK BapTICTIO PO3MIIIAIOTECA KpPOXMallbHI, ITYKpOBI Ta

JITHOIICITIOJIO3H] KynbTypH. Orsig TOro, sIK pi3HOMaHITHY 0ioMacy MO)KHa NEPETBOPUTH HA TPOMIXKHI

MPOJYKTH Ta MPOAYKTH 3 JOJIAHOIO BapTICTIO HAaBeJeHO Ha puc. 1.

CupouHa Giomacn |Kpox1uam, | |reMi]_[e_|]}on()33J ‘]_[e_]]}()ﬂ()ga ‘ ‘HiI‘I{iH ‘

TIOK03a, (hpyKTO3a,
KCHJI03a, apadiHosa,
_ | maxTo3a, mMykpo3a
KpOXMasb

IIpomixkni niaardgopmu

PeuoBuHM Bouers Tinepns BypurrnsoBa ITakoHOBA KIICTIOTa
nnargopmu MeTaron 3-rizpokcHnpomionosa || XIcT0Ta Dypdyporn
P 3miMmaHi CIHpTI KICIOTA $ymMapoBa KHCIOTa | JIeBymiHOBA KICIOTA
B crmpta TIpOmiOHOBA KHCIOTA SI6my4Ha KHCIoTa KennoHosa Kuciora
TIpomykTi MoIoTHA KICIoTa e TyTaMiHOBa KIICIOTA
OKCOCHHTE3, q
Pixe l'l&"l]]]i) MAaI0HOBA KIICIOTa AcnaprasHoBa Kemmiton
s Cepun KIICIIoTa

TzoMepn

Puc. 1. OcHoBHI kareropii 6ioMacu Ta pe4oBUHU-TUIATHOPMH, K1 MOXKHA 3 HET oiepKaTu

VY 2004 poui MinictepctBo eHepretuku CIIIA (USDOE) Busnaumno 12 HaiimomynsipHIIImMx

XIMIYHUX PEYOBHH (Ha OCHOBI IX PUHKOBOIO MOTEHIIIANY), sIKI MO>KHA OTpUMYBatH 3 Oiomacu [7]:

1,4-nuxap6oHoBi kuciot (OypmrrHOBa, C4HeOs, dymaposa, CsH4Os, Ta s6myuna, C4HsOs,

KHCIIOTH);

2,5-¢bypanaukapoonosa kuciota, C4HgOs;
neByniHoBa kuciora, CsHgOg;
3-TrimpokcunpormioHosa kuciota, C3HgOz;
acmaparinosa kuciota, C4H7NOg;
ritokapoa kuciora, CsHio0s;
rimytamiHoBa kucinoTa, CsHoNOg;
iTakoHoBa kuciora, CsHgO4;
3-rigpokcudytuponakToH, C4sHeO3;
riiteput, C3HgOs;

copOit, CsH140s;

kcumit, CsH120s.

Y 2007 porti criucok 0yJI0 OHOBJIEHO, 1100 BKIIOYUTH TOXITHI Ha OCHOBI JIITHIHY [8]:

Baninin, CgHgO3;
Banininosa kuciota, CgHgOs;
cupinaranpaeria, CoH1o04;
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* apomaruuHi aikapooHoBi kucmotu (Ppranesa, CgHeOs, i30dpTanea, CgHsOs/m-CeHs(COOH),
tepedraneBa, CsHsO4s/p-CeHas(COOH)2, kucmorn);

» xiHonu, Hanpukiaa CeHsOo.

Y HACTYITHOMY OHOBJICHHI 3a OCTaHHIMH IHHOBAIliSIMH HAa PUHKY MPEICTaBICHO IIIe
3-TiapoKkcuOyTiponakToH 1 5-rigpokcumeruiadypdypoi (5-I'MD) [9].

3 TUX mip BUPOOHMIITBO CHOJIYK-TIAT(GOPM HaA OCHOBI OioMacu HaOyJi0 3HAYHOI yBaru 3 OOKY
HAYKOBOI CIUIBHOTH. [lompy MepCreKTUBHICTD IIbOTO HAMPsMY, BiH Ma€ HU3KY OOMEXKCHb, Cepel IKHX
KJIIFOYOBMMHM € HU3bKI TOKa3HMKHM KOHBEpCli Ta BUXOMy MNPOAYKTIB. EQexkTuBHICT, 1 HamiiHICTH
BIJITIOBITHMX MPOIECiB Oe3rocepelHb0 BU3HAYAIOTHCS BIIACTHBOCTSMH KaTalli3aTopa, 30Kpema MHoro
MIPUPOJIOI0, CEJICKTUBHICTIO MO0 IIJTLOBUX PEAKI[IN, TPUBATICTIO aKTUBHOTO (DYHKITIOHYBaHHS, @ TAKOXK
3MIATHICTIO JI0 PEaKTUBAIIi] Ta TOBTOPHOT'O BUKOPUCTAHHSI.

[TopiBHSHO 3 TpajUIIHHUMH TOMOTEHHHMMH KHCJIOTHHUMH KaTaji3aTOpaMHu, TBEPIi KHUCIOTH
BBAXKAIOTHCA OCOOJHMBO MEPCHEKTUBHUMHU y cdepl KaTamiThuuHOI KOHBepcii Oiomacu 3aBISKU IXHIM
nepeBaraM: BUCOKIH TepMI4yHIN CTaOIbHOCTI, MOXKIMBOCTI 0araropa3oBOro 3aCTOCYBaHHS, MPOCTOTI
BIUIUVIGHHA 3 pEaKI[iiiHOi Cymilll Ta 3HIKEHHIO piBHSA Koposii oOmaananHa [10]. Y 2021 pomi
3aCTOCYBaHHS TCTEPOTCHHUX KHUCIOTHUX Karaji3aTOpiB JIOMIHYBaJIO Ha CBITOBOMY pHHKY,
3abe3neuyroun 61au3bKko 73 % ioro obesry [11].

[Ile ogHMM MEPCHEKTUBHUM HANPSIMOM IMPSMOTO TMEPETBOPEHHS MOXITHUX OlomMacu y IiHHI
XIMI4HI ~ TPOIYKTH € pO3poOKa TeTepOreHHO-KATATITUYHUX MPOIECiB 13  BUKOPUCTAHHAM
01 yHKITIOHATBPHUX KaTali3aTopiB, 110 MOEAHYIOTh KUCIOTHI a00 OCHOBHI LIEHTPU Ta aTOMHU METaiB.
Takuii miaxig BIAKPUBAE€ MOKJIMBOCTI JJISA IiJBHINCHHS €(PEKTUBHOCTI W CEIIEKTUBHOCTI MPOIIECIB
OlokoHBepCii.

Cepen pi3HOMaHITHUX TBEPAUX KHUCIOT, 110 3aCTOCOBYIOTHCS B IPOMHUCIOBOMY KaTali3i, MOHa/
30 % CTaHOBIATH OKCHIM METaliB, SKi € HE3aMiHHUMH 3aBISKHU IIHPOKOMY CHEKTPY MPaKTHYHOTO
BUKOPUCTaHHS B PI3HUX Taly3sX XiMiyHOI mpomucioBocTi [12]. Okenau, mo MicTaTh Ba abo Ounblie
PI3HUX KaTiOHIB METaliB, BiIOMI SK 3MillIaHI OKCHUIM MeTamiB. 3alieXHO BiJ KUTBKOCTI KaTiOHIB BOHH
MOXYTb OyTH NoJBIHHUMHM, moTpiiiHuMu Tomro [13]. IIpucyTHicTE MeTaliB 13 PI3HUMHU BaJEHTHUMH
CTaHaMHU 3yMOBIIIOE (JOPMYBAHHSI HOBUX KUCIOTHHX a00 OCHOBHUX IEHTPIB 3a JIbtoicom un bpencrenom
y TOpIBHSHHI 3 TUMH, SIKI CHOCTEPIraloThcs B MPOCTHX OKCHAAX MeETaliB. Y JEsIKUX BHIIaJKax Ha
MOBEPXHI TBEPAOIO KaTallizaTopa MOXKYTh OJJHOYACHO ICHYBaTH JBa THUIM aKTHBHHX LIEHTPIB, AKi JiIOTh
cuHeprigHo [12]. Oco0nuBYy yBary npuBepTalOTh TBEpi KUCIOTH JIbtoica Ha OCHOBI 3MIIIAHUX OKCHIB
3aB/ISKM iXHIM 3IaTHOCTI aKTHUBYBAaTH TiAPOKCHIBbHI Ta KapOOHUIbHI (yHKUiOHambHI rpymu [10, 11].
30kpeMa, OKCHHI KaTalli3aTOpH, IO MICTSITh 10HU OJIOBA, BUSBHIUCS BHUCOKOC(PEKTUBHUMHU Yy HU3III
peakIliif, MoB’s3aHUX 13 MEPEeTBOPEHHSM CyOCTpaTiB, ki oTpuMaHo 3 Oiomacu. [lpukmagamu Takux
MPOIIECIB € 130MepH3allisl IyKpPiB Ta KOHBEPCis TeKCO3 J0 alKiyuTakTatis [14-17].

Y 2009 poui Moimep Ta cHiBaBT. NPOJEMOHCTPYBAJIM KaTaJiTUYHUN moTeHIian Sn-Beta
LEONITY AJs 130MepH3alii III0Ko3U B (PPYKTO3y, a TAKOXK IMOKa3alH, II0 peakiliss MoXe BiOyBaTUCS Y
BogHOMY cepenoBuii [18]. Tlomampmri mocmikeHHs, MpoBedeHI XOIMOM Ta KOJIETaMH, BUSBHIN
3/IaTHICTh Caxapo3H, TIIIOKO3U Ta PPyKTO3U, PO3UYMHEHUX Y METaHOJI1, IEPETBOPIOBATHCS HA palleMiYHUN
METHJUTAKTAT 3 BUX0a0M 10 68 % [15]. Byno BcranoBiieHO, 1m0 i0HU Sn*' B 1EOJITHIN TpaTii 3AaTHI
KOOPJIMHYBATHU SK T1IPOKCUIIBHI, TaK 1 KETOTPYIH F'eKCO3, TOJETIIYIOYH PETPO-ANIbI0IbHE PO3IIEIICHHS
Mk aromamu C3 1 C4 [15]. Kpim Toro, y pobGoti [19] mponeMOHCTpoBaHO, IO B MPHUCYTHOCTI
karamizaropa SnO:/Al:Os; BigOyBaeThCs NPAKTUYHO IOBHA KOHBEpCid IUTigpokcianeToHy (4.5 %
eranosbHUM po3unH) npu 80 °C mpoTsiroM 7 roj] 3 yTBOPEHHSIM €THIUIAKTATY 13 CEIEKTUBHICTIO 67.8 %.
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Y 1poMy OTJIsal THACYMOBAaHO HaIlll JIOCATHEHHS B PO3poOIl TBEpPAMX KHCJIOTHUX Ta
01 yHKIIIOHAILHUX OKCHJIHUX KaTalli3aTOpiB, SKI MICTATH JIOKCHZ OJIOBA, IS TPOIECIB KOHBEPCIl
C5-C6 ByryIeBOIHIB SIK MOXITHUX OloMacH 10 TaKWX KOPUCHUX XIMIYHHMX MPOJYKTIB, SK JICBYJIHOBA
KHCJIOTa Ta €CTEPU MOJIOYHOI 1 MITIKOJIEBOI KUCIIOT.

VY cydvacHi TpaKTUI[i CHHTE3y OJOBOBMICHMX OKCHIHUX CHUCTEM BHIUIAIOTH J[BA OCHOBHHX
nigxonu. [lepmmii mepenbavae BBEIACHHS MPEKYypCOPY OJI0Ba 0O€3MOCEPENHBO Y BUXITHHNA Telb, IO
peani3yeThCcs, 30KpeMa, y 30JIb-Telb abo TiApOoTepMallbHHX Imporecax. Jpyruil miaxim mossirae B
OCaJDKEHHI 10HIB 0JIOBa Ha IOMNEPEAHBO MiATOTOBICHMH Hocid. OOpaHa cTpaTerisi CHHTE3y iCTOTHO
BIUIMBAE Ha MPUPOJYy YTBOPEHHMX AKTHBHUX IICHTPIB, SKI MOXXYTh BIJIPI3HATHCS THIOM (BIIKpHUTI a0o
3aKpUTIi), CTYMEHEM Tifparamnii (TiApaToBaHi 4 JETiApaToOBaHi), a TaKOX JOKaTi3aliero (BKIIOYEHI 10
KapKaca YW TPEACTaBJICHI IM03aKapKaCHHUMHU OKCHJaMH). Bim IUX XapaKTepHCTHUK Oe3mocepeiHbO
3aexaTh BIACTHBOCTI KaTajai3aTopa, 30KpeMa HOro aKTUBHICTh, CEJIEKTUBHICTh Ta CTA0O1IbHICTb.

ATOMH 0JIOBa XapaKTepU3YIOTbCA EIEKTPOHHOI KoHbirypamiero 4d'°5s?5p> 1 MOXyTh
nepeOdyBaTH B CTyICHSX OKHUCHeHHs +2 Ta +4. Komm onoBo BOYIOBYEThCS B OKCHUIHHMN Kapkac,
eJIeKTpoHH opOiTaneii 5s 1 Sp OepyTh yuyacTh B YTBOPEHHI KOBAJICHTHHX 3B’A3KIB 13 arToMamMi OKCUTEHY B
CTpYKTypl MaTepiady. BHacmioKk pi3HUII B €JIEKTPOHETaTUBHOCTSAX BiIOyBa€TbCcs 3MiIllIEHHS
€JIIEKTPOHHOI TYCTHHH y OiK aromiB OKCUTEHY, 10 NPHU3BOAUTH A0 (OPMYBAHHS 3aJTUIIKOBOTO
MO3UTHUBHOTO 3apsily Ha aromi oyioBa. TakMM YMHOM, Ha 10HAX OJIOBAa BUHHKAE KUCIOTHHU IICHTP
JIptoica, TOJI SIK aTOMH OKCUI'€HY BUSIBIISIFOTH CITA0KOOCHOBHI BJIACTUBOCTI.

V Hammx pociimkeHHsx [20-24] Brepiie Oyii0 MOKa3aHO, IO IMiJ 9ac 30Jb-T'elib CHHTE3Y MPU
nomyBaHHi cucteMu ZrO»—Si0O: kaTioHaMHU 0JI0Ba Ha i1 MOBEpXHI (GOPMYIOTHCS CYNEPKUCIOTHI LIEHTPH,
SIKi XapaKTepU3yroThes 3HaYeHHAMH (yHKIii ['ammera 10 Ho = —14.52 (tab6u. 1).

Ta6uuusa 1. Cxiiaz, TEKCTYpHI Ta KUCJIOTHI XapaKTEPUCTHKHU 3MIIIIAHUX OKCHJIIB, OJIEPAKaHKX 30J1b-T€JIb METOJIOM

[TuToma O0’eMm Cepegﬂln 3arajgbHa MaxkcuMabH
3pa3zox Ckmag, at. % TIOBEPXHSI, nop, palyc KHUCJIOTHICTE, a cuia
S, M2/T V, cMe/T rnc;[pl\:[ Ciar, MMOJIB/T | KucaoTH, Ho
. Zr:Sn=1:.04 340 0.20 1.2 15 —14.52
Zr(%r'g:%'ls,g)@ Zr:Sn=1:1.8 240 0.15 2.6 1.0 —12.44
) ' Zr:Sn=1:3.7 205 0.20 3.8 0.9 —8.2
Zr0,-Si0O, Zr:Si=1:2.0 360 0.20 1.5 1.7 -11.35

BeranoBneno ymosu MomudikyBaHHs cuctemu ZrO»-SiO, kariomamm Sn**, 3a  saxmx
YTBOPIOIOTBCS CYNMEPKHUCIOTHI 1eHTpH (moHan 13 %) 3 Ho = —14.52 B mOTpiiHUX OKCHAHUX CHCTEMax
Zr02-Si02-Sn02 (puc. 2). Tlpu 1nbOMY KOHIEHTpAIlisl CHJIBHUX KHCIOTHHX MEeHTpiB 3 Ho=—11.35
3poctae Maibke BABIUiI MOpiBHSAHO 3 HemoaudikoBaHow cuctemoro Zr02-SiOz [24]. B pobGorti [24]
mokaszaHo, 1o cuibHi L-tieatpu 3 Ho=—11.35 mis 3mimanoro ZrO2-Si0O2-SnO2 okcuay MOXYTh
yTBOpIOBaTH came ionn 'VSn**,

VY pesynbTati APyroro maxoay — OCaHKEHHsS 10HIB oyioBa Ha okcuaHuil Hocii y-Al.Os — Oymu
CHHTE30BaHi 3Mmirrani okcuani cucremMu, ZNO-Sn02/Al.0s Ta CeO—-Sn0O2/Al0s [25-27], ski MicTATH Ha
MOBEPXH1 €1a0Ki KUCIOTHI i OCHOBHI LIEHTPH Ta OJJHOYACHO MPOSIBIISIIOTH OKUCHO-B1THOBH1 BIACTHUBOCTI
(Tabm. 2).

JlocmiKeHHsT KHCJIOTHO-OCHOBHHMX XapaKTEPUCTHK IIMX MarepialliB MoKa3ayo, IO JIOJaBaHHS
ZnO no moxgiiiHoro SNO2/Al:Os okcuay cnpusie popMyBaHHIO 3pa3KiB i3 MOEIHAHHSAM KUCIOTHHX Ta
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OCHOBHUX LIEHTPIB Ha 1noBepxHi (Tadu. 2) [26]. Bongnouac BBenenHs CeO: no ckinanxy Sn02/AlOs 3HauHO
MiJIBUIIY€E KACIOTHICTh, 3yMOBJTIOI0OUYH yTBOpeHHS 1IeHTpiB i3 Ho <—3.0 [27].

LN H,

g0 % I 1452
A ] 1375
20/ X 13.16...-12.44
< 80 1135
30,/ a2 o 82
; < 5 © SN 56
40 /4 AR
X 8 7 (306 60 .
S* 50/ 14 S ' A S
L) =1 13 = 50 &
v 23 %
60 19 2
21 20 40
70/
30
80 \
: 20
% / )
10
100, ’ "
0 10 20 30 4 50 6 70 8 9 100
Zr, %

Puc. 2. Brus ckimany ZrO2-SiO2-SnO2 3pa3kiB Ha CHITy iX KUCIOTHHUX IEHTPIB (—5.6 > Ho < —14.52)

Tadmums 2. Ckiiajl, TEKCTYpHI Ta KHCIOTHO—OCHOBHI XapaKTEPHCTHKUA CUHTE30BaHHUX 3Pa3KiB, OJICPKAHUX
METOJIOM IIPOCOYCHHS HOCISI

Cepenniii | Cepenniit MaxkcumManbHa 3arabia .
ITnToma ) . . KOHILIEHTpaLis,
Ckman, 00’em niameTp KOHIIEHTpAITist
3pazok o TTOBEPXHSI, Vv D Csar, MMOJIB/T
Mac. 7o Suur., M2/T nopé ’ TIOP Mnops 0.11.*
7 cM®/T HM Ho ’ I ’ K.II. 0.11.
SnOL/AlLO4 5 % SnO; 270 0.7 11 +1.5 - 1. -
10 % SnOy,
Zn0O-SnO,/Al;03 5% 7n0 230 0.65 11 +3.3 +7.2 1.3 0.6
10 % SnOy, _
Ce0,-SnO,/AlO3 59 CeO, 200 0.61 124 3.0 - 0.8 -

*K.1I. — KUCJIOTHI LIEHTPH, 0.1]. — OCHOBHI LIEHTPH

Jns  nocnigkeHHs  (I3UKO-XIMIYHMX —XapaKTEPUCTUK OJIOBOBMICHMX MOTPIMHUX OKCHJIB

BUKOPUCTOBYBaJIM TaKl Cy4YacHI METOAM, SK peHTreHogazoBuil aHami3, TBepAoTiibHa SMP
criekTpockomist Ha aapax 1°Sn, Y®-Buy i pertrenipchka (OTOENEKTPOHHA CIIEKTPOCKOTII.

HasiBuicTe kpuctamiyHux YacTUHOK SnO: 13 KOHIIEHTPALI€l0, IO TEPEBHINYE MEXY
nerekryBanHs (> 0.5 mac. %) [28], Moxe OyTH miATBEpIKEHA METOJOM PEHTTEHO(A30BOTO aHAII3Y.
Tak, mns 3paskiB ZrO>—SiO>—-SnO2 (69 % Sn0:2) ta SnO2/Al203 (25 % SnO2) crmocrepiraroThes
peduexcn mpu 20 = 26.6°; 33.9°; 38.0° Ta 51.8° (pmc.3, kxpuBaa), SKi € XapaKTepHUMH IS
TeTparoHajgbHOi Moaudikaiii kpuctamgaoro SnO:z 31 cTpykTyporo pytuiy [29]. BogHouac atomu Sn,
K1 130MOpGHO BKIIIOUEHI Y KapKac OKCHUIHOTO Hocis (K y TeTpaeApudYHii, Tak 1 B OKTaeApUYHIN
KOOpJHMHAIIIT), 0e3Mocepe/IHbO HE BUSBIISIOTHCS METOJIOM PEHTTEHIBChKOT nudpaxiiii (puc. 3, kpusa 6).
BincyTHIiCTh Ha peHTreHorpami BY3bKHMX MiKiB, IPUTaMaHHUX TIOKCUIY OJIOBA, CBITYUTH MPO BUCOKY
mucrniepcHicTh SnO2 Ha TOBEepXHi 200 B 00’ €M1 MaTPHIll 3MIIIAHUX OKCHU/IIB.

Cran katioHiB Sn*' B OKCHIHIN MaTpullli MOXe OyTH BHU3HAUYEHUU 3a JOMOMOIOI0 €JIEKTPOHHOI
crekTpockonii audysHoro BIAOUTTA. Y KpHUCTalmiyHii cTpykTypi SnO: 10HM CTaHyMy MaloTh
OKTaeJpUYHy KOOPJWHAIIII0, IepeOyBarovr B OTOYCHHI IIECTH aTOMIB KHCHIO, IO BIAMOBIAa€ IXHbOMY

MaKCHMaJbHOMY KOOpAMHALIMHOMY 4HCly. Jlo IbOro THUMY CTPYKTYp HajiekaTh MOJIMEpHI YTBOPEHHS
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SnOy y mpocToMy OKCHIII 0JIOBA, a TaKOXX TiApaToBaHi 10HM Sn*', iIHTErpoBaHi, HANMPUKIAJ, Y KapKac

LIEOTITHOT MAaTPHIIi.

1, Bigu.om.
1, BigH.ox.

20 30 40 50 60 70 8I() 10 20 30 40 50 60 70 80
20, 26,°

Puc. 3. Jludpaxrorpamu 3paskiB 1 - ZrO2-Si02-Sn02: a — 69 % SnO2 ta 6 — 20 % SnOy;
2 - SNO2/ALL03: a — 25 % SnO2 i ZnO-SnO2/Al>03; 6 — 10 % SnO». * - SNO2 (kpucT.)

B V®-cnekTpax CHHTE30BaHHX 3paskiB Taki V'SN** ioHM XxapaKTepu3yloThCs HASBHICTIO CMYTH
norMHaHHA B Aianasoni 250-300 um (puc. 4 a). TlonimepHi cTpykTypu SnOx Ta riaparosawni ionn V'Sn**
HE MICTATh BIAKPUTHX KOOPAMHAIIIMHUX 3B’SI3KiB, MO0 IEPEIIKOKAE iXHIA 34aTHOCTI B3aEMOISTH 3
TIIPOKCUJIBHUMH Ta KETOHHUMHU TpylaMu KapOOTrigpariB i, SK HACIiJOK, 3HIDKYE iX KaTalliTUYHY
aKTUBHICTh B PEAKIIisIX KOHBEPCIT MOHOITYKPIB.

207 um
10 1
- 710,-Si0,-5n0, 6
154 E 8 -
% 270 M a E‘
> 1
= g
= =
=] S 64
3 10+ 5,
© ~
2 710,-8i0,-Sn0, 5
& g 4+
g g,
21 Zn0-Sn0,/ALO,
Sn0,/AlO,
0 T T T T T 0 T T T T !
200 250 300 350 400 200 250 300 350 400
, HM

A, HM

Puc. 4. TlepepaxoBani Y®-Bun cnekrpu qudysHoro BigOuTTs aist 3paskis: a - Zr02-Si02-SnO2 (69 %
SnO2) ta SnO2/AlL03 (25 % Sn0y2); 6 - Zr0O2-Si02-Sn02 (20 % SnO2); SnO2/Al03 (20 % SnO2) Ta
Zn0O-Sn0O2/Al203 (10 % SnOy2)

HasBHicte cmyr mornuHanHS npu 206 Ta 220 HM y CHEKTpax CHHTE30BAaHUX OJIOBOBMICHHUX
3MIIIaHUX OKCUMIB (puc. 4 6) CBIIYUTH MPO MPUCYTHICTh y iX MATPHUIll 130JbOBAHUX TETPACAPUYHO- Ta
OKTaepPUIHO-KOOPIMHOBAHUX 10HIB Sn**, sKki MOKHA BiHECTH BiNITOBIZHO MO KHCIOTHHX IIEHTPIB
bpencrena Ta Jletoica [30, 31]. TlomokeHHs MakCUMyMy TMOTJIMHAHHS 3aJISKUTh BiJl PO3MIpy
KpuctanitTiB SnO2: 31 30UIBIIEHHSIM PO3MIpPIB YAaCTHMHOK CIIOCTEPITA€ThCsl 3CyB y OIK JOBUIMX XBUJIb.
KaTamiTHUHO aKTMBHAMH BBaXaloThcs ioHM 'VSN*, mo yTBOpIOIOTH dOTHpPH a0 MeHIe
KOOpJAWHAIIIMHUX 3B’S3KM 3 HocieM. Taka cTpykTypa 3a0e3nedye MOXKIIUBICTh B3aeMOJIIi 3
€JIEKTPOHOJOHOPHUMHU (DYHKILIOHAIBHUMHU TpylamH, 30KpeMa KapOOHIIbHUMH. Bucoka 4yTiIHBICTBH
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METOAY €JIEKTPOHHOI CIEeKTPOCKOIMIi Au(y3HOTO BIiAOUTTA M03BOJIsAE€ (IKCYyBaTH HAaBITh HH3bKI
koHeHTpauii SnO:z: Tak, y po6orti [28] Oyio 3anpornoHoBaHO Mexy BusiBieHHs Ha piBHI 0.1 mac. % y
CKJIaIi TICOJIITY.

3a JgaHMMH ONTHYHOI CHEKTPOCKOIMii audy3Horo Bigbutrs Ha moBepxHi SnO2/Al,O3 Ta
Zn0O-Sn02/Al;0; 3paskiB mpucyTHi i30mboBaHi ioHM onoBa 'YSn** B TerpaenpuuHOMYy OTOUCHHI
aHIOHAMU KHCHIO, a BU3HAYCHA €HEPTisl IMMPUHH 3a00poHEeHO1 30HU ~ 4.8 €B cBimuuTh npo hopmyBaHHS
cmimpHux  3B’s3kiB - Sn-O-Al  (puc. 4 6). Enepris mupuHd 3a00poHEHOI 30HM I 3paska
Ce02-Sn0/Al203 cranoButh ~ 3.25 ¢B (puc. 4 6), mo 3acBiguye Gpopmysanus dazu CeOy.

BusHaueHHs1 KOOpMHALIIIHOTO CTaHy 10HIB OJI0OBa B MOTPIMHUX OKCHUAAX MOKE 3I1HCHIOBATUCS
TaKOX IUISIXOM CTPYKTYPHOTO aHami3y 3pas3kiB 3a gomoMororo MAS SIMP cnekrpockorii 3a siapaMu
9Sn. 3a3Buuail okTaeapuuHO KoopauHoBaHui SnO: (kacUTepuT) nae 4iTkui curHan npu 604.3 ppm
(puc. 5 a). Ximiunuit 3cyB anst Sn(IV), sikuii iIHTErpoBaHO, HAPUKIIAM, Y CTPYKTYPY LI€OJIITIB, 3AIEKUTh
BiJl MPUPOAM HOCIA, IPOTE 3a3BUYaill cioctepiraeThes mobiauzy 700 ppm [32]. '*Sn AMP cnektp 3pa3ka
Zr0>-S102-SnO: 6yB posknanenuit Ha xkommoHeHTH 3 FWHM =108.7; 90.2; 97.6 ppm (puc. 56). VY
CHEKTpPl HAsBHUU IIMPOKHUM CUTHAN mpu 652 ppm, IO BIANOBIIa€ OKTaCAPUYHO KOOPAHMHOBAHUM 10HAM
Sn** ta y3romkyerbcs 3 manumu g B-ueonitiB [28]. Curnan mpu 727 ppm MOXKHA BiIHECTH 0
rifipaTOBaHUX iOHIB 0JI0BA, TOJ K CUTHAI IpH 548 ppm — n1o ionis 'VSn**,

T T T T T T T T
-500 -600  ppm -700 -800 ~1000 -800 -800 -400
ppm

Puc. 5. 1°Sn MAS SIMP cniektpu SnO; (a) Ta ZrO,-Si02-Sn0; (6)

Meton peHTreHIBCbKOi  (POTOENEKTPOHHOI  CIEKTPOCKOMIi TaKOXK 3aCTOCOBYETHCS  JUIS
BU3HAUEHHS HAsBHOCTI B OKCHJHIA MaTpulll TeTpaeapuyHo-koopauHoBaHuX ioHiB Sn(IV) [33].
3a3Buyaii eHeprii 3B’s3ky B oOmacti 487.3-487.4eB Ta 495.7-495.8 eB BimmoBimaroTh Qoro-
enextponam 3ds2 Ta 3ds2 BigmosiaHo s Sn(IV) y terpaeapuunomy otodeHi. Hampukinan, 3HauYCHHS
eHeprii 3B’s3ky npu 486.0eB i 494.4 eB cnocrepiraetbess Uit iHOHIB craHymy B SnOz. Jlns
Zr02-Si02-Sn02 okcuay crektp Sn 3d-eeKTpOoHIB TakoK C(HOPMOBAHO JBOMA IPylaMH CHUTHAIB, IO
BiJIOBIAIOTH JBOM Pi3HMM cTaHaM 3B’s3KiB Sn*' B oToUeHHi aHioHiB KmcHIO (puc. 6 a). KoMmoHenTa 3
MakcuMmyMoM Tipu 486.7 eB Biamoinae 3B’s3ky [Sn—O—Sn] B okTaenpuuniii koopauHaiii [33]. Enepris
3B’s13Ky Sn 3dsp mpu 487.3 eB Biamosigae aromy Sn(IV) B Terpaeapuunomy otoueni. Ille omna
KOMITOHEHTa 3 MakcuMyMoM Tipu 487.9 eB BiamnoBigae MOKIMBUM criyibHUM 3B’si3kaM [ Sn—O-Zr—O-Si],
[Zr-O-Sn-0-Zr] abo [Zr—-O-Sn—0O-Si] B nmocmimkeHoMy 3pa3ky. B po6oti [24] 3ampomoHOBaHO
CTPYKTYPHY MOj€db KHCIOTHOrO IieHTpa Jlptoica Ha moBepxHi ZrO2—SiO>—-SnO2 okcuay, B sKii
nepenbadeno, mo 'VSn** MoxyTs cTBOprOBaTH cunbHiI L-nienTpu 3 Ho = —11.35.

Tpeba ckazartu, 110 Ui rIUOMIOro po3yMiHHS MPUPOIH, 1AeHTU]IKALIT Ta XapaKTePUCTUKH 10HIB
SN B MOTPIHHUX OKCHAAX CIIiJ] 3aCTOCOBYBATH Pi3HI METOIW aHAJI3y, 3ICTAaBISIOYH PE3YJIbTATH MiXK

coboro. Takox mijg yac KaTaTITUIHOT peakilii MOXYyTh BiIOyBaTHUCS 3MIHHM CTaHIB SN, 30KpeMa Mepexoan
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MIDK «BIJIKPUTOIO» Ta «3aKPUTOIO» KOH(DIrypaIisiMu, 3MiHa CTaHy TiJpaTailii 4u Mirpaiis aroma ojoBa. 3
II€I0 METOIO TIEPCIIEKTUBHUMH € JTOCIIIIPKEHHS 0OJIOBOBMICHUX KaTali3aTOPiB y peakIiiHUX YMOBax.

480 485 490 495 500
E.,eB

Puc. 6a. P®E-cnektpu Sn3d—enextponis 3pazka ZrOz-Si02-SnO»

Byno BcTaHOBIIEHO, IO KUCIOTHI/OCHOBHI HeHTpH bpencrema ta Jlbroica, ski mpucyTHi Ha
MOBEPXHI OJIOBOBMICHHUX OKCHiB, CHPHUSIOTH €()EKTHBHOMY NEPETBOPEHHIO MOHOIYKPIB B HACTYITHHX
peakIlisix: KoHBepcis auriapokcuanerony a0 mermuiakraty CsHeOs + CH3OH — C4HgO3 + H20 [34];
nepeTBopeHHst Gpykro3u o eTwi- ta MetwuiakratiB CeH120s + 2ROH — 2C3HsOsR + 2H20, nme
R — -CHs a6o -CoHs [25-26, 35-36]; xoHBepcis GpyKTO3u 10 JIEBYJIIHOBOI Ta MypPalIMHOI KHCIOT 3a
peakiiieto CeH120s — CsHgO3 + CH20: + H20 [37]; okrcHEHHS KCHIIO3H 3 OfCP)KaHHSIM METUJUIAKTATy
ta metuiriikoiaty CsHioOs + 2CH3OH + 1/202 — C4HgO3 + C3HsO3 + 2H20 [27].

B mpoMucioBOCTI MeTHI- 1 €TWUIAKTaTH OJEPXKYIOTh €CTepH(IKAIE€0 MOJOYHOI KHCIOTH
BIJMIOBITHIM CHHPTOM B MPHUCYTHOCTI MiHepanbHuX kuciaoT [38]. ¥V 2020 poui BUpOOHHUIITBO
QJIKUITAKTATIB y CBiTi cTaHoBmWio Outbmie HixK 3500 Tuc. ToH [39]. ETHimakTaT BUKOPHUCTOBYETHCS SIK
apomaru3aTop y napdymepii Ta K pO3UMHHHMK, 10 3JaTHHH PO3UMHATH LIEIr0JI03y Ta Oarato cmoi [40].
Bin BHCTymae BUXIJTHOIO PEUOBUHOIO JUISl OJIEP)KaHHS TaKUX 0AaraTOTOHHAKHUX XIMIYHUX MPOIYKTIB SIK
eTHJIAKpUJIaT, TPOMAHAION Ta iH. METWUIaKTaT BHKOPHCTOBYIOTH SK OJMH 3 KOMIIOHEHTIB Y
BUPOOHUITBI (hapMalleBTUYHUX 3ac001B 1 arpoXiMIYHMX MPOAYKTIB, a00 SK MPOMIXKHA pEYOBHMHA MJIs
CHUHTE3Yy PI3HOMAHITHUX XIMIYHUX MOXIJTHUX TaKuX SIK, HAMPUKJIAJA, MOX1JHI alleTUIy, aMily Ta ecTepis,
30KpeMa, BioMui TepOinua — kapOeramin [41]. Takox ankuUIIakTaTd MOXYTh OYTH BUXITHUM
MaTepiajioM AJisl OfiepKaHHS JaKTUAY, IPUYOMY BOHU € OUIbII CTaOIBHUMU B TIOPIBHSAHHI 3 MOJIOYHOIO
KuciaoToro [42].

B po6orti [34] mokazano, o karamizatop SNO2/Al203 (5 mac. % miokcuay 0JI0Ba) y MPOTOYHOMY
pexumi 3 96 % KOHBEpCi€I0 TEPEeTBOPIOE JHTIIPOKCHUANIETOH, HAWMPOCTIMIUNA MOHOIYKOpP, 0
MeTwiiakTaty (cenekTuBHICTh 90 mon. %) B ymoBax peakuii: 10 % po3unH AMTIAPOKCHALIETOHY B
Mmetanoi, 160 °C/1.0 MIla, mBuakicts noxadi 4 Mmoib C3HsOs/Txar roxr .

Karamizarop ZnO-SnO2/Al,03 (10 mac. % miokcuay oioBa) e(peKTHBHO KaTalli3ye TpaHC-
dopmartiro ¢ppykrosu 1o eTmiakraty (CsHi003) 3a Buznauennx ymos: 160 °C, 13 % po3uun ¢ppykrosu
y 98 % etanomi, aBTOKIJIaB 3 o0epTanHaM 60 06/xB [26, 35]. Buxin etmnakraty (EJI) cknamae 56 % npu
100 % xomBepcii hpyxTosu, mo miareepmkero 2C AMP cnexrpamu (puc. 6 6).

Lleii ke katamizatop ZnO-SnO2/Al203, BUSBUBCS €EKTUBHUM /sl OJEp)KaHHS METHUILIAKTATY
(C4HgO3) 3 dppykro3um [25, 36]. BuznaueHo yMOBH MOBHOI KOHBepCii ppykTo3u 10 MeTHiuiakTary: 4.8 %
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posunHn ¢pykrosu B 80 % wmeranom, 180 °C/3.0 MIla, HaBaHTaXeHHs Ha KaTaJli3aTop
1.5 Mmonb CeH1206/Milkar TOT ' TIpH yaci koHTakTy 11 XB. BuXin MeTuanakraty npu npomy cknas 70 %
(tabm. 3). [Ilo BaXIMBO, B IIUX YMOBAaX HE YTBOPIOETHCS MOOIYHUI MPOIYKT KMCIOTHOI JAeriapaTariii —
S-rigpokcumeTuiadypdypoi, a JIuie mpomMikHa CIoIyKa albJA0JdbHOT JEKOHISH CAIlll — TMMETHIIaleTalb
MIPOBUHOTPATHOTO AJIBJICTITY.

¢dpyrTo3a

Tite e s ec a2 o eded ex |*7

(= |

Vorfical Scale= 000132

Puc. 66. 3C SIMP cnextp npoxykTiB kouBepcii Gppykrosu Ha ZNO-SnO,/Al,O3 xatanizaTopi

Tabauusa 3. Ckinaag NOpOAYKTIB NEPEeTBOPEHHA (PYKTO3M [0 METHIUIAKTaTy Ha Karaji3aTopi
Zn0O-SnO/Al203 B IpOTOYHOMY pEKUMI

. [Iponyxru peakiiii, Moibs% Buxin metnnnakrary,%
Karanizatop
METHUJLIAKTAT 5-T'M®d* MMAJIA*
Zn0-Sn02/Al,03
71 0 15 71
(10 % Sn0O, 5% ZnO

*5-I'M® — 5-rinpoxkcumermndypdyposr; ITAJJA — qumeTHnaneTanb TipOBHHOTPATHOTO AIBICTIAY

JleByniHOBa KHCJIOTa € TPEKYpPCOPOM Il BUPOOHHUIITBA IIMPOKOTO CIEKTpa TaKUX XIMIYHHUX
CTIONIYK, SIK €CTEpU JIEBYJIIHOBOI KHCIIOTH, Y-BaJIE€pPOJAKTOH, aKpHJIOBa KHCJIOTa, |,4-meHTaHmion,
aHTEIKAa-JIAKTOH, 2-MeTHITeTpariipodypan, d-aMiHOJEBYJIHOBA KHCIOTa Tomio [43, 44]. MypamumHa
KHCIIOTa — XIMIYHMHA TPOIYKT, II0 BHUKOPHUCTOBYETHCS Y BHPOOHHUITBI (QopMalibleriny, Kayudyky,
actudikaTopis, papMalleBTUUHUX MTpenapaTiB Ta TEKCTUIIO [45].

Hapasi HamiBkoMmepiiiiiHe BHPOOHUITBO JIEBYJIIHOBOI Ta MYpAalIMHOI KHUCIOT 13 ILIENT0JI03HOI
cupoBuHHU 0OazyeTbes Ha Biofine mporeci 3 BUKOPUCTaHHSM TOMOTEHHOTO KaTai3aTopa — pO3BEICHOI
CIpYaHOi KHCJIOTH, B pe3yJbTaTi SKOro onepxkyrTh 70+80 % BHUXOAM JEBYJIIHOBOI KHCJIOTH BIJ
TEOPETHYHO MOXKIIMBOTO, @ 3aJMIIOK CKJIAal0Th MypalliHa KUCIoTa Ta cMoiu [44].

MexaHi3M YTBOpPEHHs JIEBYJIIHOBOI Ta MypalIMHOI KUCIOT 3 (PYKTO3M BKIIOYAE JBI CTafii:
nepuia - BiAOyBaeThCs Jerizparamis (GpykTo3u Ha KHUCIOTHHMX LIeHTpax bpeHcrena, mo mpucyTHi Ha
noBepxHi Zr02-Si02-SnO; karamnizaropa, yepe3 nukiIiyHi [46] abo arukiivHi [47] IpOMiKHI IPOIYKTH 3
YTBOPEHHSM S-riipokcuMeTmiipypdypony; Apyra - Ha KUCIOTHHUX IeHTpax Jlpioica S-rigpoxcu-
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MeTunypdypon perizpaTyeTbcss A0 MypaliumHOi Ta JeBYJiHOBOiI kuciaoT. KouBepcis ¢pykTo3u Ha
cynepkuciotHomy Zr02-SiO2-SnO; katamizaropi craHoBuTh > 99 % (puc. 7). [Ipu 180 °C 3a 3.5 rox Ha
Zr0,-Si02-Sn02 okcuai (0.2 Bar. %) npu MOBHIN KOHBEPCii PPYKTO3M OCHOBHHMH MPOJAYKTAMH PEaKIil
e mypamuaa (90 moia. %) ta sesyminoBa (80 moin. %) kucimotu (puc. 7) [37]. HeBenuky KilnbKicTh

Karajgizaropa MOKHa MOSICHUTH TUM, II0 Ha MOro MOBEPXHI MPUCYTHI CYNEPKUCIOTHI LEHTPU 3
Ho =-14.52.

1004 /—0—0
X 804
§=t
=
5 60
<
=
B
2. 40
(]
m
=
=}
S 20
0+— : : : .
1 3 4 5
t, roquHU

Puc. 7. Kousepcis ¢pykto3u (#) Ta BHUXiI NPOAYKTIB (® - MypalidHa, W - JIEBYJiHOBa KHCJIOTH)
3aJIeKHO BiJ yacy nposeaeHHs peakiiii mpu 180 °C ua Zr02-Si02-SnO2 (20 % po3uun GpyKTO3H y BO/I,
kataiizatop:pykrosa = 1:20 Bar. %)

B minomy meperBopeHHS (PYKTO3W HA PI3HHX IEHTPAX OJIOBOBMICHHUX KaTali3aTOpPiB MOXKHA
MIPEJCTaBUTH HACTYITHOIO cXeMoro (puc. 8):

CH,QH
\CHZOH Zn0-Sn0,/AL,0,
HOY
H IVSn4+ (0] OH 0 (0]
OH % + 0 — )Ivo
§ -H,0
OH O OH OH OH

HO/\)\/U\/OH CIL. I_/ROH \S/m H
OH OH

Zr02-si02-sn02

cu.H* -3H,0 )J\< &OR

0] OH OR
/\Q/\ l lVSn4+
1vsn4+¢ +2H,0
(0) R= -CH3, -C2H5
o R
OH -
/J\/\n/ + HO/\O (0]
(0 OH

Puc. 8. IleperBopeHHs GpyKTO3H HA KUCIOTHUX HEHTpax SN-BMICHOTO KaTali3aropa

s mepeTBOpeHHs] KCWIJIO3M, OJIHOTO 3 HAaMMOMIMPEHIIINX MOHOLYKpIB y mpupoai [48], 3
OJIEp’)KaHHSAM €CTEepiB MOJIOYHOI Ta TIUIIKOJIEBOI KHUCIOT Oyso po3pobiieHo OiyHKIIOHATBHUN
Ce02-Sn02/Al;03 (10 mac. % SnO2) karamizatop [27]. BusHaueHo, 10 B MPOTOYHOMY PEKHUMI
(4 % posuun kcunosu B 70 % BogHomy MertaHoni, 3.0 MPa, L = 3.5 mmon CsH10Os/Twar Tox !, y moTori

Catalysis and Petrochemistry, 2025, 36



Kamaniz ma nagpmoximisa, 2025, Ne36 11

noBiTpst) npu 190 °C BinOyBaeThCs MOBHA KOHBEPCiS KCWIJIO3UM 3 BHXOJOM MeTHiaktaty (42 %) Ta
MeTirmkonary (24 %) 3a 3ampomnoHoBaHO cxeMoro (puc. 9). IlpsimMe nepeTBOpeHHS KCHUIIO3U 0
€CTEepIB CIIy€e CKIAMHIA KacKaaHId peakIiifHId cxeMi, 10 BKJIIOYAE MPUHANMHI 4OoTUpHU peakiii. loHu
VSn**, ax kucnoTHi meHTpu JIblOica, CHPHAIOTH alNbAONBHIN JEeKOHAEHCAIi KCHIO3M 3 YTBOPEHHAM
[TIEepalbeTiay Ta TIIKOJIEBOro anbaeriny. Hamami 3 rminepanbaeriny B pe3yibTaTi psay KacKaJIHHUX
PEaKIfHAX MapIIPYTiB YTBOPIOETHCS METHIUIAKTAT. A TIIIKOJCBHHA alibJCTil B CEPEAOBUIII METAHOIY
CEJIEKTUBHO OKHCITIOETHCSI BUXITHIUM KaTani3aTopoM—OKUCHUKOM (CeO2) 10 METHIITIIIKOJIATY.

CH;0H
OH H+ O C.HH O
0 — 0 —» OCH;4
-H,0 -H,0
OH OH Ngp**  OH OH

HO .
T (l) + 2] o (NVSHAH
o¢ HO
o~ ~ocH,

-H2O

Puc. 9. TleperBopenns kcmiio3u Ha OidyukiionanbaoMy CeO2-Sn02/Al203 karanizaropi

Opnni€ro 3 TPUYUH 3HKCHHS CEJICKTHMBHOCTI Ta IIBHIKOI J€3aKTHBAIll OJIOBOBMICHUX
KaTalli3aTopiB € MocTymoBe BUMHBAHHSA ioHiB Sn**, mo, 30kpema, crocTepiraerscs y meomitax [49].
Opnak, 3a nmaHuMu peHTreH-amyopecuentoro ananizy (Elva X) BuxigHOro Ta BiANpansoBaHOTO
(30 rom) SnO2/Al>03 karamizaropa, BUMHBAHHS 10HIB OJIOBa IIiJi 4ac IMEPETBOPEHHS METAHOJIBHUX
PO3UMHIB (QPYKTO3M HE CHOCTEPIragoch. IHIIMM YWHHUKOM, SIKMH MPU3BOIUTH 10 J€3aKTHUBAL]
KaTajizaTopa, € YTBOPEHHsS MOJIMEPHUX T'yMiHOBHX CIIONYK, IO ONOKYIOTh akTuBHi ''Sn** L-neHTpu
[50]. Perenepauito BimmpanpoBanux ZnO-SnO2/Al203 i CeO2-SnO2/Al;03 karanizaTopiB MpOBOAMIN
naBoMa crocobamu: mpoxkaproBaHHsaM mnpu 500 °C ymponosx 2 rojg abo NPOMHMBAHHSAM BOJOIO B
npotoyHomy pexuMi npu 120 °C 1 tucky 1.5 MIla 1o nmoBHOro 3HEOApBIEHHS MPOMHUBHOI PIAUHU.
Karanizatop ZrO2-SiO2-SnO2 npoxaproBanu mpu 550 °C mpotsirom 1 rox st BUIaJIeHHS OpraHiYHUX
3aJIMILKIB, MICISA YOro Horo Mo)kHa OyJi0o HOBTOPHO BUKOPUCTOBYBAaTH. B 000X BUMaJkax KaTanizaTopu
MOBHICTIO BiJJTHOBJIIOBAJIM CBOIO AKTUBHICTb.

Takum 4MHOM, KaTasli3aTOpu Ha OCHOBI JAIOKCHIY OJIOBA MalOTh 3HAUHUI MOTEHIANl Y peaKLisx
nepeTBopeHHs 6iomacu. Hapasi BenyThest HOCHIIKEHHS 3 PO3pOOKH HOBUX Sn-BMICHUX OKCHIB, K1 O
MOEJHYBAIM BHCOKY CENEKTUBHICTh 1 CTaOUIBbHICTh, IO OCOOJIMBO BAXJIMBO Ui X MOXKJIMBOIO
IIPOMHCIIOBOTO 3aCTOCYBaHHS.

Jlimepamypa

1. Byrum Z. Fossil Fuels Are in Everything from Plastics to Makeup, but Cleaner Alternatives Are Emerging,
2024. Available online: https://www.wri.org/insights/defossilizing-us-chemical-production#:~:text= From
%20crayons%2C%20cosmetics%20and%20carpeting,and%20eye%?20irritation%20and%20cancer%20

2. Hattori H. Solid Acid Catalysts: Roles in Chemical Industries and New Concepts. Top. Catal., 2010, 53,
432-438.

3. Kyxap B.IL. biopecypcu - noTeHLiiiHa CHPOBHHA JJIsl IPOMHCIIOBOTO OPraHiuHOTO CUHTE3Y. biomexnonoeis,
2008, 1(1), 12-27.

4. Sengupta D., Pike R.W. Chemicals from Biomass. In: Chen WY, Suzuki T., Lackner M. (eds.) Handbook of
Climate Change Mitigation and Adaptation. — Springer, New York, NY, 2015.

Catalysis and Petrochemistry, 2025, 36



12

Kamaniz ma nagpmoximia, 2025, No36

10.
11.
12.
13.
14.
15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Ximiuna npomuciosicte. Ukraine Invest. Available online: https://ukraineinvest.gov.ua/industries/chemicals/
Carus M., Raschka A. Renewable carbon is key to a sustainable and future-oriented chemical industry. Nova-
Paper#10, 2018-08, 1-10. Available online: https://www.researchgate.net/publication/329790481

Werpy T., Petersen G. Top Value Added Chemicals from Biomass Volume | — Results of Screening for
Potential Candidates from Sugars and Synthesis Gas; U.S. Department of Energy: Washington, DC, USA.
2004, 1, 1-69. Available online: https://www.nrel.gov/docs/fy04osti/35523.pdf

Holladay J.E., White J.F., Bozell J.J., Johnson D. Top Value Added Chemicals from Biomass-Volume I,
Results of Screening for Potential Candidates from Biorefinery Lignin, U.S. Department of Energy:
Washington, DC, USA. 2007, 2, 1-79. Available online: https://www.pnnl.gov/main/publications /external/
technical_reports/PNNL-16983.pdf

Top Value Added Chemicals: The Biobased Economy 12 Years Later. 2017. Available online:
https://communities.acs.org/t5/GCI-Nexus-Blog/Top-Value-Added-Chemicals-The-Biobased-Economy-12-
Years-Later/ba-p/15759

Hattori H., Ono Y. Solid Acid Catalysis (1st ed.). Jenny Stanford Publishing. 2015, 530 p.

Catalyst Market. Available online: https://www.precedenceresearch.com/catalyst-market

Tanabe K., Holderich W.F. Industrial application of solid acid-base catalysts. Applied Catalysis A: General,
1999, 181, 399-434.

Tanabe K. New solid acids and bases — their catalytic properties.— Elsevier, Amsterdam, 1990, 364 p.

Gupta P., Paul S. Solid acids: Green alternatives for acid catalysis. Catalysis Today, 2014, 236(B, 1), 153-170.
Holm M.S., Saravanamurugan S., Taarning E. Conversion of sugars to lactic acid derivatives using
heterogeneous zeotype catalysts. Science, 2010, 328, 602—605.

Tolborg S., Sadaba I., Osmundsen C.M., Fristrup P., Holm M.S., Taarning E. Tin-containing silicates: alkali
salts improve methyl lactate yield from sugars. ChemSusChem, 2015, 8(4), 613-617.

Zhang J., Wang L., Wang G., Chen F., Zhu J., Wang Ch., Bian Ch., Pan Sh., Xiao F.-Sh. Hierarchical Sn-
Beta zeolite catalyst for the conversion of sugars to alkyl lactates. ACS Sustainable Chemistry and
Engineering, 2017, 5(4), 3123-3131.

Moliner M., Roman-Leshkov Y., Davis M.E. Tin-containing zeolites are highly active catalysts for the
isomerization of glucose in water. Proc. Natl. Acad. Sci., 2010, 107, 6164-6168.

Pighin E.; Diez V.K.; Di Cosimo J.I. Synthesis of ethyl lactate from triose sugars on Sn/Al,O3 catalysts.
Appl. Catal. A., 2016, 517, 151-160.

[Ipyniyc C.B., I'ec H.JI., TpaueBcekuii B.B., bpeii B.B. CunTe3 Ta BUBUYEHHS HOBOTO CYHNEPKUCIOTHOTO
Zr0,-Si02-Sn0; okcuny. Honosioi HAH Vkpainu, 2019, 11, 73-80.

Prudius S.V., Hes N.L., Trachevskiy V.V., Khyzhun O.Yu., Brei V.V. Superacid ZrO,-SiO>-SnO, mixed
oxide: synthesis and study. Chemistry and Chemical Technology, 2021, 15(3), 336-342.

Tpauescekuit B.B., Ilpyniyc C.B., Munin A.M. CrpykTypHO-(pyHKIIOHaJIbHa CaMOOpraHi3awis CUCTEMH
Zr0,-Si02:Sn(1V). Vrpaincoxuii ximivnuii scypnan, 2021, 87(12), 121-136.

Prudius S.V., Hes N.L., Inshina O.1., Khyzhun O.Yu. Synthesis and investigation of ZrO,-SiO- oxide alloyed
with Sn(IV) ions. Materials Science, 2022, 58(1), 80-88.

Inshina O.1., Prudius S.V., Brei V.V. Superacid L-sites on the surface of ternary ZrO»-SiO,-Al,03; and ZrO,-
Si02-SnO; oxides. Theoretical and Experimental Chemistry, 2022, 58(4), 269-275.

Prudius S.V., Hes N.L., Mylin A.M., Brei V.V. Continuous conversion of fructose into methyl lactate over
Sn0,-Zn0O/Al, 05 catalyst. Journal of Chemistry and Technologies, 2021, 29(1), 1-9.

Prudius S.V., Hes N.L., Brei V.V. Conversion of D-Fructose into Ethyl Lactate Over a Supported SnO,—
ZnO/Al;0s. Colloids Interfaces, 2019, 3(16), 1-8.

Prudius S.V., Hes N.L., Zhuravlov A.Yu., Brei V.V. Oxidation of xylose — methanol mixture into methyl
lactate and methyl glycolate over CeO,—SnO,/Al,O3 catalyst. Xivis, ¢izuxa ma mexnonozin nosepxui. 2024,
15(3), 340-348.

Catalysis and Petrochemistry, 2025, 36



Kamaniz ma nagpmoximisa, 2025, Ne36 13

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Dijkmans J., Dusselier M., Gabri€ls D., Houthoofd K., Magusin P.C.M.M., Huang Sh., Pontikes Y.,
Trekels M., Vantomme A., Giebeler L., Oswald S., Sels B.F. Cooperative Catalysis for Multistep Biomass
Conversion with Sn/Al Beta Zeolite. ACS Catal., 2015, 5(2), 928-940.

Batzill M., Diebold U. The surface and materials science of tin oxide. Prog. Surf. Sci., 2005, 79(2—4), 47-154.
Manjunathan P., Marakatti V.S., Chandra P., Kulal A.B., Umbarkar Sh.B., Ravishankar R., Shanbhag G.V.
Mesoporous tin oxide: An efficient catalyst with versatile applications in acid and oxidation catalysis. Catal.
Today., 2018, 309(1), 61-76.

Bermejo-Deval R., Assary R.S., Nikolla E., Moliner M., Roman-Leshkov Y., Hwang S.-J., Palsdottir A.,
Silverman D., Lobo R.F., Curtiss L.A., Davis M.E. Metalloenzyme-like catalyzed isomerizations of sugars
by Lewis acid zeolite. PNAS, 2012, 109(25), 9727-9732.

Bermejo-Deval R., Gounder R., Davis M.E Framework and Extraframework Tin Sites in Zeolite Beta React
Glucose Differently. ACS Catal., 2012, 2, 2705-2713.

Dai W., Wang Ch., Tang B., Wu G., Guan N., Xie Z., Hunger M., Li L. Lewis Acid Catalysis Confined in
Zeolite Cages as a Strategy for Sustainable Heterogeneous Hydration of Epoxides. ACS Catal.,2016, 6(5),
2955-2964.

Hes N.L., Mylin A.M., Prudius S.V. Catalytic Conversion of Dihydroxyacetone to Methyl Lactate Over
SnO,/Al;O3 Catalysts. Theor. Exp. Chem., 2023, 59, 302-306.

[Ipyniyc C.B., Bucnoryzoa H.M., bpeit B.B. Konsepcis D-dppykro3u B ermmmakrat Ha SnOz-BMiCHHX
KaTajizaropax. Ximis, ¢isuxa ma mexnonoeis nosepxni, 2019, 10(1), 67-74.

[Matent Ne128002, Ykpaina. I'ec H.JIL., Ilpymiyc C.B., bpeit B.B. Cnoci6 oxmepkaHHS METHJUIAKTATy 3
¢dpykrosu. 2024.

Hes N.L., Mylin A.M., Prudius S.V. Catalytic production of levulinic and formic acids from fructose over
superacid ZrO,-SiO,—Sn0; catalyst. Colloids Interfaces, 2022, 6(1), 4.

Patent 012606A1, WO. Hottois D., Bruneau A., Bogaert J.-Ch., Coszach Ph. Continuous process for
obtaining a lactic ester. 2010.

Industry Insights. 2024. Awvailable online: https://www.grandviewresearch.com/industry-analysis/bio-
solvents-market

Pereira C.S.M., Silva V.M.T.M., Rodrigues A.E. Ethyl lactate as a solvent: Properties, applications and
production processes — a review. Green Chem., 2011, 13, 2658-2671.

Agar D.Y., Rahmanian N., Mujtaba .M. Methyl lactate synthesis using batch reactive distillation:
Operational challenges and strategy for enhanced performance. Separation and Purification Technology,
2016, 158, 193-203.

Bapgapin A.M., Jlepupka C.1., Munin A.M., Bpeit B.B. [lapoda3na koHBepciss METHIIAKTATY A0 JaKTHIY
Ha TiO/SiO; karanizaropi 3a 3HHXKEHOT0 TUCKY. Kamaniz ma naghmoximis, 2020, 30, 38-42.

Thapa 1., Mullen B., Saleem A., Leibig C., Baker R.T., Giorgi J.B. Efficient Green Catalysis for the
Conversion of Fructose to Levulinic Acid. Appl. Catal. A., 2017, 539, 70-79.

Hayes D.J., Fitzpatrick S., Hayes M.H.B., Ross J.R.H. The Biofine Process — Production of Levulinic Acid,
Furfural, and Formic Acid from Ligno cellulosic Feed stocks. Industrial Processes and Products: Status Quo
and Future Directions, 2006, 1, 139-163.

Reutemann W., Kieczka H. Formic Acid. Ullmann's Encycl. Ind. Chem., 2000, 1-22.

Fusaro M.B., Chagnault V., Poste D. Reactivity of D-fructose and D-xylose in acidic media in homogeneous
phases. Carbohydr. Res., 2015, 409, 9-19.

Van Putten R.-J. Experimental and modelling studies on the synthesis of 5-hydroxymethylfurfural from
sugar. Green Chemical Reaction Engineering, 2015, 374,

Chen Y., Dong B., Qin W., Xiao D. Xylose and cellulose fractionation from corncob with three different
strategies and separate fermentation of them to bioethanol. Bioresour. Technol., 2010, 101, 7005-7010.

Catalysis and Petrochemistry, 2025, 36



14

Kamaniz ma nagpmoximia, 2025, No36

49,

50.

Martinez-Espin J.S., Tolborg S., Bai Y., Andersen N.N.N., Katerinopoulou A., Hansen L.P., Nielsen U.G.,
Taarning E. Deactivation and Reductive Regeneration of Sn-Beta for Liquid-Phase Biomass Conversion.
ACS Catal., 2024, 14(11), 8203-8219.

Shi N., Liu Q., Cen H., Ju R, He X., Ma L. Formation of humins during degradation of carbohydrates and
furfural derivatives in various solvents. Biomass Convers. Biorefin., 2020, 10, 277-287.

References

1.

10.
11.
12.
13.
14.
15.
16.

17.

18.

19.

Byrum Z. Fossil Fuels Are in Everything from Plastics to Makeup, but Cleaner Alternatives Are Emerging,
2024. Available online: https://www.wri.org/insights/defossilizing-us-chemical-production#:  ~:text=
From%20crayons%2C%20cosmetics%20and%20carpeting,and%20eye%20irritation%20and%20cancer%20
Hattori H. Solid Acid Catalysts: Roles in Chemical Industries and New Concepts. Top. Catal., 2010, 53,
432-438.

Kukhar V.P. Bioresources - potential raw materials for industrial organic synthesis. Biotechnology, 2008,
1(1), 12-27. [in Ukrainian].

Sengupta D., Pike R.W. Chemicals from Biomass. In: Chen WY ., Suzuki T., Lackner M. (eds.) Handbook of
Climate Change Mitigation and Adaptation. Springer, New York, NY, 2015.

Chemical industry. Ukraine Invest. Available online: https://ukraineinvest.gov.ua/industries/chemicals/_[in
Ukrainian].

Carus M., Raschka A. Renewable carbon is key to a sustainable and future-oriented chemical industry. Nova-
Paper#10, 2018-08, 1-10. Available online: https://www.researchgate.net/publication/329790481

Werpy T., Petersen G. Top Value Added Chemicals from Biomass Volume | — Results of Screening for
Potential Candidates from Sugars and Synthesis Gas; U.S. Department of Energy: Washington, DC, USA.
2004, 1, 1-69. Available online: https://www.nrel.gov/docs/fy04osti/35523.pdf

Holladay J.E., White J.F., Bozell J.J., Johnson D. Top Value Added Chemicals from Biomass-Volume II,
Results of Screening for Potential Candidates from Biorefinery Lignin, U.S. Department of Energy:
Washington, DC, USA. 2007, 2, 1-79. Available online: https://www.pnnl.gov/main/publications/
external/technical_reports/PNNL-16983.pdf

Top Value Added Chemicals: The Biobased Economy 12 Years Later. 2017. Available online:
https://communities.acs.org/t5/GCI-Nexus-Blog/Top-Value-Added-Chemicals-The-Biobased-Economy-12-
Years-Later/ba-p/15759

Hattori H., Ono Y. Solid Acid Catalysis (1st ed.). Jenny Stanford Publishing, 2015, 530 p.

Catalyst Market. Available online: https://www.precedenceresearch.com/catalyst-market

Tanabe K., Holderich W.F. Industrial application of solid acid-base catalysts. Applied Catalysis A: General,
1999, 181, 399-434.

Tanabe K. New solid acids and bases — their catalytic properties. Elsevier, Amsterdam, 1990, 364 p.

Gupta P., Paul S. Solid acids: Green alternatives for acid catalysis. Catalysis Today, 2014, 236(B, 1), 153-170.
Holm M.S., Saravanamurugan S., Taarning E. Conversion of sugars to lactic acid derivatives using
heterogeneous zeotype catalysts. Science, 2010, 328, 602—605.

Tolborg S., Sadaba I., Osmundsen C.M., Fristrup P., Holm M.S., Taarning E. Tin-containing silicates: alkali
salts improve methyl lactate yield from sugars. ChemSusChem, 2015, 8(4), 613-617.

Zhang J., Wang L., Wang G., Chen F., Zhu J., Wang Ch., Bian Ch., Pan Sh., Xiao F.-Sh. Hierarchical Sn-
Beta zeolite catalyst for the conversion of sugars to alkyl lactates. ACS Sustainable Chemistry and
Engineering, 2017, 5(4), 3123-3131.

Moliner M., Roman-Leshkov Y., Davis M. E. Tin-containing zeolites are highly active catalysts for the
isomerization of glucose in water. Proc. Natl. Acad. Sci., 2010, 107, 6164-6168.

Pighin E., Diez V.K., Di Cosimo J.1. Synthesis of ethyl lactate from triose sugars on Sn/Al,O3 catalysts Appl.
Catal. A., 2016, 517, 151-160.

Catalysis and Petrochemistry, 2025, 36



Kamaniz ma nagpmoximisa, 2025, Ne36 15

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Prudius S.V., Hes N.L., Trachevsky V.V., Brei V.V. Synthesis and study of a new superacidic ZrO—SiO>—
SnO; oxide. Reports of the National Academy of Sciences of Ukraine, 2019, 11, 73-80. [in Ukrainian].
Prudius S.V., Hes N.L., Trachevskiy V.V., Khyzhun O.Yu., Brei V.V. Superacid ZrO,—SiO>-SnO, mixed
oxide: synthesis and study. Chemistry and Chemical Technology, 2021, 15(3), 336-342.

Trachevsky V.V., Prudius S.V., Mylin A.M. Structural and functional self-organization of the ZrO,-
Si02:Sn(1V) system. Ukrainian Chemical Journal, 2021, 87(12), 121-136. [in Ukrainian].

Prudius S.V., Hes N.L., Inshina O.l., Khyzhun O.Yu. Synthesis and investigation of ZrO,-SiO- oxide alloyed
with Sn(1V) ions. Materials Science, 2022, 58(1), 80—88.

Inshina O.1., Prudius S.V., Brei V.V. Superacid L-sites on the surface of ternary ZrO,-SiO>-Al,O3 and ZrO,-
Si0,-Sn0; oxides. Theor. Exp. Chem., 2022, 58(4), 269-275.

Prudius S.V., Hes N.L., Mylin A.M., Brei V.V. Continuous conversion of fructose into methyl lactate over
Sn0,-ZnO/Al;0s3 catalyst. Journal of Chemistry and Technologies, 2021, 29(1), 1-9.

Prudius S.V., Hes N.L., Brei V.V. Conversion of D-Fructose into Ethyl Lactate Over a Supported SnO,—
ZnO/Al0s. Colloids Interfaces, 2019, 3(16), 1-8.

Prudius S.V., Hes N.L., Zhuravlov A.Yu., Brei V.V. Oxidation of xylose — methanol mixture into methyl
lactate and methyl glycolate over CeO.—SnO/Al;O3 catalyst. Chemistry, physics and surface technology,
2024, 15(3), 340-348.

Dijkmans J., Dusselier M., Gabriéls D., Houthoofd K., Magusin P.C.M.M., Huang Sh., Pontikes Y., Trekels
M., Vantomme A., Giebeler L., Oswald S., Sels B.F. Cooperative Catalysis for Multistep Biomass
Conversion with Sn/Al Beta Zeolite. ACS Catal., 2015, 5(2), 928-940.

Batzill M., Diebold U. The surface and materials science of tin oxide. Prog. Surf. Sci., 2005, 79(2—4), 47-154.
Manjunathan P., Marakatti V.S., Chandra P., Kulal A.B., Umbarkar Sh.B., Ravishankar R., Shanbhag G.V.
Mesoporous tin oxide: An efficient catalyst with versatile applications in acid and oxidation catalysis. Catal.
Today, 2018, 309(1), 61-76.

Bermejo-Deval R., Assary R.S., Nikolla E., Moliner M., Roman-Leshkov Y., Hwang S.-J., Palsdottir A.,
Silverman D., Lobo R.F., Curtiss L.A., Davis M.E. Metalloenzyme-like catalyzed isomerizations of sugars
by Lewis acid zeolite. PNAS, 2012, 109(25), 9727-9732.

Bermejo-Deval R., Gounder R., Davis M.E Framework and Extraframework Tin Sites in Zeolite Beta React
Glucose Differently. ACS Catal., 2012, 2, 2705-2713.

Dai W., Wang Ch., Tang B., Wu G., Guan N., Xie Z., Hunger M., Li L. Lewis Acid Catalysis Confined in
Zeolite Cages as a Strategy for Sustainable Heterogeneous Hydration of Epoxides. ACS Catal., 2016, 6(5),
2955-2964.

Hes N.L., Mylin A.M., Prudius S.V. Catalytic Conversion of Dihydroxyacetone to Methyl Lactate Over
SnO,/Al;O5 Catalysts. Theor. Exp. Chem., 2023, 59, 302-306.

Prudius S.V., Vysloguzova N.M., Brei V.V. Conversion of D-fructose to ethyl lactate on SnO,- containing
catalysts. Surface Chemistry, Physics and Technology, 2019, 10(1), 67—74. [in Ukrainian].

Patent N128002, Ukraine. Hes N.L., Prudius S.V., Brei V.V. Method for obtaining methyl lactate from
fructose. 2024. [in Ukrainian].

Hes N.L., Mylin A.M., Prudius S.V. Catalytic production of levulinic and formic acids from fructose over
superacid ZrO,-SiO,-SnO catalyst. Colloids Interfaces, 2022, 6(1), 4.

Patent 012606A1, WO. Hottois D., Bruneau A., Bogaert J.-Ch., Coszach Ph. Continuous process for
obtaining a lactic ester. 2010.

Industry Insights. 2024. Awvailable online: https://www.grandviewresearch.com/industry-analysis/bio-
solvents-market

Pereira C.S.M., Silva V.M.T.M., Rodrigues A.E. Ethyl lactate as a solvent: Properties, applications and
production processes — a review. Green Chem., 2011, 13, 2658-2671.

Catalysis and Petrochemistry, 2025, 36



16

Kamaniz ma nagpmoximia, 2025, No36

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Agar D.Y., Rahmanian N., Mujtaba 1.M. Methyl lactate synthesis using batch reactive distillation:
Operational challenges and strategy for enhanced performance. Separation and Purification Technology,
2016, 158, 193-203.

Varvarin A.M., Levytska S.1., Mylin A.M., Brei V.V. Vapour-phase conversion of methyl lactate into lactide
over TiO./SiO, catalyst at the lowered pressure. Catalysis and Petrochemistry, 2020, 30, 38-42. [in
Ukrainian].

Thapa 1., Mullen B., Saleem A., Leibig C., Baker R.T., Giorgi J.B. Efficient Green Catalysis for the
Conversion of Fructose to Levulinic Acid. Appl. Catal. A., 2017, 539, 70-79.

Hayes D.J., Fitzpatrick S., Hayes M.H.B., Ross J.R.H. The Biofine Process — Production of Levulinic Acid,
Furfural, and Formic Acid from Ligno cellulosic Feed stocks. Industrial Processes and Products: Status Quo
and Future Directions, 2006, 1, 139-163.

Reutemann W., Kieczka H. Formic Acid. Ullmann’s Encycl. Ind. Chem., 2000, 1-22.

Fusaro M.B., Chagnault V., Poste D. Reactivity of D-fructose and D-xylose in acidic media in homogeneous
phases. Carbohydr. Res., 2015, 409, 9-19.

Van Putten R.-J. Experimental and modelling studies on the synthesis of 5-hydroxymethylfurfural from
sugar. Green Chemical Reaction Engineering, 2015, 374.

Chen Y., Dong B., Qin W., Xiao D. Xylose and cellulose fractionation from corncob with three different
strategies and separate fermentation of them to bioethanol. Bioresour. Technol., 2010, 101, 7005-7010.
Martinez-Espin J.S., Tolborg S., Bai Y., Andersen N.N.N., Katerinopoulou A., Hansen L.P., Nielsen U.G.,
Taarning E. Deactivation and Reductive Regeneration of Sn-Beta for Liquid-Phase Biomass Conversion.
ACS Catal., 2024, 14(11), 8203-8219.

Shi N., Liu Q., Cen H., Ju R, He X., Ma L. Formation of humins during degradation of carbohydrates and
furfural derivatives in various solvents. Biomass Convers. Biorefin., 2020, 10, 277—-287.

Haoitiwna 0o peoaxyii 29.09.2025

Catalysis and Petrochemistry, 2025, 36



Kamaniz ma nagpmoximisa, 2025, Ne36 17
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The article is devoted to the review of scientific works on the use of SnO,-containing mixed oxides as
catalysts for the conversion of monosaccharides into value-added chemical products. Fossil feedstocks such as oil,
coal, and natural gas, once the dominant sources for fuels and petrochemicals, are being gradually replaced by
biomass and waste-derived alternatives. In particular, the study highlights the potential of sugar-based biomass as
key renewable feedstocks for the synthesis of high-value-added chemicals. A detailed review is provided on
catalytic strategies for biomass conversion, with a focus on heterogeneous acid and bifunctional oxide catalysts
containing tin ions. These catalysts demonstrate significant promise due to their thermal stability, reusability, and
reduced environmental footprint compared to traditional homogeneous acid systems. The article explores the
structural, acidic, and redox properties of tin-containing mixed oxides such as ZrO—SiO>-SnO., Sn02/Al.Os,
Zn0-Sn02/Al20s, and CeO.—Sn0./AlOs, obtained via sol-gel synthesis or impregnation techniques. Special
emphasis is placed on the catalytic role of Lewis and Brensted acid sites formed by Sn*" ions in tetrahedral and
octahedral coordination. These active sites enable a variety of key biomass-derived transformations, including
dihydroxyacetone conversion to methyl lactate, and selective production of levulinic and formic acids, esters of
lactic and glycolic acids from fructose and xylose. Experimental results show high selectivity and yields under
mild conditions, confirming the industrial potential of such catalysts. For example, superacid ZrO>—SiO>—SnO-
allows complete fructose conversion to levulinic and formic acids with high yields (at 80+90 mol. %). The
SnO,/AIO; catalyst (5wt. % tin dioxide) in a flow regime converts dihydroxyacetone, the simplest
monosaccharide, to methyl lactate (selectivity 90 mol. %). ZnO-SnO-/AlOs catalyst with basic and acid centers
promotes complete transformation of fructose to alkyl lactates (yields of ethyl and methyl lactates 56 % and 70 %
respectively), while bifunctional CeO-—SnO2/Al.Os catalyst enables direct transformation of xylose (100 %
conversion) with yield of methyl lactate and methyl glycolate in 42 % and 24 % respectively. The multifunctional
properties of Sn-containing mixed oxide catalysts - combining acidic, basic, and redox sites - open pathways for
cascade reactions and integrated biomass valorization.

Keywords: tin dioxide, mixed oxides, catalyst, fructose, xylose, methyl lactate, methyl glycolate, levulinic
acid
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CraTTs nprCcBSYCHA PO3POOIIl 3aTi30BMICHOTO KaTali3aTopa CHHTE3Y PIIKHX BYIJICBOJHIB HA MOAYJIBHUX
yctanoBkax (mporec @imepa-Tpormmra) 3 cHHTE3-Tazy, OAEPIKAHOTO MUIAXOM rasuikarmii ByTIerbBMICHOI
cupoBuHM. Ha OCHOBI JiTepaTypHUX OaHUX OYJI0 CHHTE30BaHO 9 JIabOpaTOpHUX 3pa3KiB KaTami3aTopiB, SKi
BIPI3HSJIMCh SKICHAM 1 KUNBKICHUM XIMIYHMM CKJIQJIOM Ta METOJIOM IIPUroTyBaHHs. ExcrmepuMeHTajIbHe
JOCTI/DKEHHS KaTaIITHYHUX BIIACTUBOCTEH CHHTE30BAHMX 3aJi30BMICHHX KaTami3aTOpiB B PEaKIlii CHHTE3Y
@imepa-Tpormira, 103BOMMWIO BHOpPAaTH KaTamiTHYHHNA Komrmo3uT C3, Ha OCHOBI sKoro Oyiio po3poOieHo
OpHTiHABHY TEXHOJIOT1I0 TIPOMHUCIIOBOTO BUPOOHHUIITBA e(DEKTUBHOTO KaTalli3aTopa CHHTE3Y PiAKUX BYTJIEBOJHIB
3 BYIUICIIFBMICHOI CHPOBHHHM Ta HAmpalbOBaHO JOCIITHY MapTiio. Po3pobieHnii mpoMHUCIOBHI KaTallizaTop MaB
HacTymHHA ckiaan: 67.6 % Fe0s 20.0 % CuO, 2.5% KO, 99% Al;O3 mmoma muToMOi MOBEpPXHi
HEAKTUBOBAHOTO KaTalizatopa ckianana 24.4 m%/r. Takuii katasizatop Oyj0 0XapaKTepU30BaHO Pi3HUMHU (i3UKO-
XIMIYHAMH METOJaMHU Ta JOCJI/PKCHO HOro KaTaJliTHYHI XapaKTePUCTHUKU Ha JIA0OpPaTOpHIA YCTaHOBIN 3
BUKOPHCTAHHSIM MOJENBHOTO CKJIaay cuHTe3-Ta3dy. [lokasano, mo B mponeci cuntesy Pimepa-Tpomma B
MPUCYTHOCTI PO3pOOJIEHOTO MMPOMHUCIIOBOTO KaTalli3aTopa YTBOPIOIOTHCS KapOinu 3aimiza FexC, BMICT SIKUX MOXKe
cranoBuTH Bif 2.0 1o 31 % Bix 3arajgbHOi KIBKOCTI KOMIOHEHTIB. BU3HaueHO onTHMAaibHI YMOBH MPOIECY Ta
MPOBEACHO CHHTE3 PiIKUX BYTJIEBOMHIB 3 CHHTE3-Ta3y 13 BAKOPUCTAHHSAM po3pobieHoro karaiizatopa. [Tokazano,
mwo cryminb nepersopennss CO B crannapraux ymosax (CO:Hz = 1:3, 06’emua msuakicts — 2400 rog?, thck —
5arm., temneparypa — 280°C) pnocsrama 49.8 %, mpu nbOMy BHXiJ PIAKAX BYIJICBOAHIB CTAaHOBUB
0.153 r/(Tar'TOM), IO BIJNOBIA€ CEIEKTUBHOCTI Mpolecy 3a pilkuMmu ByriieBomHsmu y 42 %. [lposeneHo
YCHIlIHI BUTMIPOOYBaHHS pO3pOOJIEHOr0 Karaii3aTopa Ha TIJIOTHIM yCTAaHOBII 3 BHKOPHCTAHHSM CHHTE3-Ta3y,
OJIEpKaHOTO NIISIXOM Ta3u(iKallii JepeBUHH.

Knrouoei cnosa. xaramizatop, BYTIEIbBMICHA CHPOBWHA, PiKi ByTJieBOnHI, cuHTe3 PDimepa-Tpormia,
MJIOTHA YCTaHOBKA

Bcmyn

PO3BUTOK ManuBHO-EHEPreTUYHOIO KOMILIEKCY YKpaiHM CTUMYIIOE€ MOHIYK 1 pO3poOJeHHS
aIbTEPHATUBHUX JUKEped eHeprii, BUPOOHUITBO SKMX 0a3yeTbCcsl HA BHUKOPHCTAHHI BiJHOBIIIOBAHOI
cupoBuHu [1, 2]. TlepcneKTHBHUM HAMpPSIMKOM BHUKOPHUCTAHHS [CPEBHOT CHPOBHHH € BHUPOOHHIITBO
cuntetnuHoro manuBa (BTL). Taka TeXHONOTisS € Cy4acHMM iHHOBAI[ITHUM MiJXOJOM 10 TEPEPOOKH
Olomacu, IO BKJIIOYAE KUIbKa €TamiB, 30KpeMa: TEpPMIYHy KOHBepcito Oilomacu (mipomiz abo
ra3uikaiiio), OUYMINEHHS Ta TEPETBOPECHHsS OTPUMAHOTO CHHTE3-Ta3y, a TaKOX CHHTE3 pPIiJIKUX
ByIIeBOJIHIB MeTogoM Dimepa-Tpomma. Taka TEXHOJOTiSI JO3BOJSIE OTPUMATH CHHTETHYHI MOTOpPHI
najquBa 3 HU3bKUM BMICTOM JIOMIIIOK, IO BIJMNOBIAAIOTh CyYaCHUM €KOJOTIYHUM BHMOTAM.
Buxopuctanuss BTL-texHonorii 3abe3neuye e(ekTHBHY YTWII3allil0 LKUX MaTepiaiiB Ta CIpHUsE
CTBOPEHHIO €KOJIOTTYHO YUCTUX JHKEPEI EHeprii.
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[TepcnexTrBa Oinbl mupokoro BrpoBamkeHHs BTL mop’s3aHa sk 3 yZOCKOHAJCHHSM BCIX
TEXHOJIOTIYHHX €TalliB MpPOoIlecy, TakK i 3 MiABUIEHHAM MPOIYyKTHUBHOCTI mporecy Pimepa-Tpomnmia, mo
BHU3HAYa€ EKOHOMIYHY JOIUIBHICTH BCHOTO JIAHIIOKKa BHPOOHUITBA CHHTETUYHOTO IAJIMBA.
BuCOKOTIPOAYKTUBHUI 1 CeleKTHBHMN KatamiizaTop cuHTely ®Pimepa-Tpomnma [103BOJsSE 3HAYHO
MOJIIMIITUTH €KOHOMIYHICTh TexHoJoTii BTL B 1iioMy 1 3HaYHO 3MEHIIMTH po3Mipu peakrtopa. Hapasi
iCHy€ CBITOBa TEHJCHLIISI CTBOPCHHSI HEBEIMKUX MOOIUIBHUX YCTAHOBOK NMEPETBOPEHHS BYTJIELbBMICHOI
CHPOBHHHM Y KOMIIOHEHTH MOTOPHOTO TmajuBa. ExoHOMIUHAa e(EeKTUBHICTH TaKOro0 MOJIYJIHHOTO
BUPOOHMITBA 0a3yeThCsi HAa TEXHOJOTISX, B SKUX BHUPOOHHMIITBO LIIHOBOI XIMIUHOI MHPOAYKINT
MOETHY€EThCS 13 BUPOOHUIITBOM eJieKTpoeHeprii [3-4].

Texnonoriss BTL mnepenbadae Ttaki cranii: mepeTBOpeHHs BiIXoiiB OiomMacu y CHHTE3-Tas,
OYMILEHHS BiJ OTPYMHUX KOMIIOHEHTIB Ta MOJAJbIIEC MNEPETBOPCHHS OYMINEHOIO CHHTE3-Ta3y B
HIMPOKHUI CIIEKTp BYrieBoaHIB. [5]. s yTuimizamii Bigxo/iB 0ioMacH 3 METOI OTPUMAHHS CUHTE3-Ta3zy
PO3pO0IIEHO 3HAYHY KIIBKICTh KOHCTPYKIiN TasudikatopiB Ta TexHONorid rasudikamii. biomaca, Ha
BiZIMiIHY BiJl BUKOITHOTO TMAJINBA, XapaKTEPU3YETHCS HASBHICTIO JIITHOLETIOIO3HUX CTPYKTYP 31 3MIHHUM
XIMIYHUM CKJIQJIOM 1 BHCOKMM BMICTOM JIOMIIIIOK, IO YCKJIAJHIOE TMporec ii raszudikailii Ta moTpedye
CIIeIiai30BaHUX MiAXOMiB 70 mpouecy [6]. ['a3udikaropu 3 HEPYyXOMHUM MIAPOM 3700yaH HaHOUIbIINIA
KOMEpUIHHUHA yCHiX 3aBAsSKA TPOCTIH KOHCTPYKHii Ta edekrtuBHOCTI mpomecy. Ckiman CHUHTE3-Tasy,
OTPUMAHOTO Ta3u(iKaIiero GioMac 3arajioM BiAPI3HAETHCS Bifl CKJIay CHHTE3-Ta3y, OTPUMAHOTO IUIIXOM
pudopMmiHry npupogHOTO Tazy 4M razudikamii Byriusi. CuHTE3-Ta3, OTpUMaHUKA 3 MPUPOJHOTO rasy, B
ocHOBHOMY ckianaetscsi 3 Hy ta CO 3 HeBenmkor KimbKicTEo CO2, TOIl SK CHHTE3-Ta3, OTPUMAHHN
nusixoM rasudikamii 6iomacu, mictuth Habararo Outeime COz i menme Hz, mo o0yMOBIIIOE HHU3BKE
cmiBBigHomeHHss H/C 1 Bucoke cmiBignomenuss CO2/CO [7-8]. KinneBuM npoaykTom rasudikaiiii €
TeHepaTOpHUI ra3 abo CHpPHUIl CHHTE3-Ta3, SIKHH NMEPEeBAKHO CKIIATAETHCS 13 OKCHIIB BYIJICIIO Ta BOJHIO
Hz, a takox momimok — merany (CHs), cmomm, 30mm, Bomu (H20) asoty (N2). Bumanenns TBepaux
YaCTMHOK Tiepeadayac BUKOPUCTAHHS IMKJIOHIB, BOJIOTUX CKpyOepiB Ta elneKTpoduIbTpiB, a i
BUJIAJICHHS CMOJI BAKOPUCTOBYIOTh KaTAIITUYHHIA pUGOpMIHT a00 TepMidHuit Kpekinr [9-10].

Buxopucranus cuHtes3-razy, OTpUMaHOTo Tasudikaiiero 6iomacu B mnpoueci Pimepa-Tpomniia,
notpedye HECTaHAAPTHUX IMIJIXOJMIB JO PO3POOKH Karaji3aTopiB CHUHTE3y. Bimomo, 1m0 HaWOUIbII
BKMBAaHUMU KaTanizaTopamu mnpouecy Pimepa-Tponma € nepexigni meranu VIII rpynu: Fe, Co, Ni Ta
Ru [11]. V BeIMKOTOHHQXHOMY BHPOOHMIITBI B SKOCTI OCHOBHHMX AKTHBHHUX KOMIIOHCHTIB IS
KartajizatopiB cuHTe3y Pimepa-Tporniia BUKOPUCTOBYIOTh TUIBKH KOOANIBT 1 3a1130. 3@ Yy4acTIO HIKEJO
CHHTE3 BiJJOYBA€THCS TIEPEBAKHO 3 YTBOPEHHSM METaHy, IO MPAKTUYHO HE TPEACTABIISIE iHTEpeCy IS
cunte3y dimepa-Tponma. PyTeniil - 3aHaaTo H0poruii, a rmiaTuHa Ta ipuiiid, KpIM JOPOroBapToOCTi, €
MaJIOAKTHBHHMHU B YTBOPEHHI BHCOKOMOJICKYJISIDHUX BYTJICBOIHIB. THWTaH, BaHaMdii, XpOM, MapraHelb
MOKH HE 3HAWIIUIM 3acTOCyBaHHA B cuHTe31 Dimepa-Tpomnina, OCKUTBKY 1X OKCHJIU BaXKO a00 30BCIM He
BIJTHOBJIIOIOTBCS 10 METally 3a TemIeparyp BUpOOHHUIITBA KaTajizaTopiB. [Hdopmariis mpo akTUBHICTb
MOJIiOJIeHy € TUTbKHM B MaTeHTHiH nitepatypi [12, 13]. ns migBUILEHHS CEIEKTHUBHOCTI Ta IIBUAKOCTI
peakiii BHKOPHCTOBYIOTH MPOMOTOPH, IO BIUIMBAIOTH Ha TEKCTYpy KaTaji3aropa (IOBEPXHIO,
MOPHUCTICTH TOILO).

Binomo, mo cknax npoaykrie rigpyBanHa CO 3anexuTh BiJ] TEMIEpPaTypH 1 THCKY, 3a SKHX
3nifcHIOEThCst Tporiec. ChOroJHI €IMHUM TPOMUCIOBUM MPOIECOM € TakK 3BaHUM «Sasol», 1m0
3IACHIOETBCS HA 3aJi30BMICHOMY KataiizaTopi mpu THCKy 24-25atMm 1 Temmeparypi 220-340 °C 3
BHUXOJIOM BYIJIEBOIHIB 75-95 %, 3 sikux 6musbko 60 % cknagarots onedinu. KobanpToBi KaTamizatropu
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BUKOPUCTOBYIOThCSI 32 HopMaibHOro THcKy 1 Temmeparypu 200-300 °C (mpoxykTtu - onedinu) abo
nomipHoro Tucky 5-30 atm i 180-250 °C (BmicT osiediHiB 3HHKY€ETHCS, 32 PAXyHOK 301IbIICHHS YaCTKH
napadiHiB, TAKOX CIIOCTEPIraeThCsl YTBOPSHHS HE3HAYHOI KUTBKOCTI criupTiB) [14-15].

3amizoBMicHI  Katamizatopu  cuHTe3y — Dimepa-Tpomma — XapakTepu3ylOThCS — TaKUMH
0co0IMBOCTIMH sIK: (PyHKITIOHYBaHHA 32 miaBHIeHUX Temiepatyp (250-300 °C); yTBopeHHS nepeBakHO
HU3bKOMOJICKYJIsIpHUX ByriaeBogHiB (o = 0.6-0.8) [16]; mimBuienuii BMICTy osieiHIB B MPOIYKTAX
peakii (1o 80-90 %); OinbIa CEeNEKTHUBHICTD y (OpMyBaHHI i30CTPYKTYpH ByrieBomHIB (10 5-10 %
nopiBHSHO 3 2 % mys Co-MiCHUX Karaji3aTopiB); 3HA4YHA aKTHBHICTH y MEPETBOPEHHI BOJSHOTO Ta3y,
yepe3 IO PEeKOMEHAyeTbcs B cuHTe3-rasi cmiBBimHomeHHs CO:Hz = 1:1, mo0 yHHMKHYTH pi3KOTrO
naJliHHs BUXOJy [IUIbOBHX BYTIJICBOJHIB Ta YTBOPEHHS 3HAYHOI KIJIBKOCTI CIUPTIB 1 aypaeriais. [17-19].

Mertoro po6oTH Oyio po3podka 3ami30BMICHOTO KaTtaiizaropa i cuHTe3y Pimepa-Tpomma ams
HEBEIIMKHUX, MOAYJIBHUX YCTAaHOBOK IepepoOKu 0i0CHPOBHUHU y piAKi ByrieBoaHi. OCOOIMBOCTI TaKUX
KaramizaropiB € iXx edexkruBHe 1 crabinbHe (YHKIIOHYBaHHS 3 BHKOPHCTAaHHSIM CHHTE3-Tazy
HECTaOUTLHOTO CKJIATy Ta HASBHOCTI 3HAYHOI KIJTHKOCTI IHEPTHHX KOMIOHEHTIB. [Ipomec po3poOku
KaTtajizaropa CKJIaaaBcs 3 JIBOX eramiB. Ha mepmomy erami Oyno CHHTE30BaHO cepito JabopaTOpHHX
3pa3KiB 3aJi30BMICHUX KaTali3aTOPiB Pi3HUM METOJaMHU Ta 3 PI3HUMHU JOOABKaMH, Ta JOCHIHKCHO X
KaTaJIITUYHI XapaKTepucTUKU B cuHTe3l Dimepa-Tporma Ha g1abopaTopHild yCTaHOBI B CTaHIAPTHHX
YMOBaXx 3 BUKOPHCTaHHIM MOJICJILHOTO CKJIay cuHTe3-ra3zy. Ha npyromy etami po3po0iieHO TEXHOJOTII0
CHUHTE3y BHOpPAHOTO ONTHMAJIBHOIO Karajgizaropa 1 JOCHI/DKEHO KATaNiTUYHI  BIACTHBOCTI
HanpabOBaHOI MPOMUCIOBOI MapTii Karamizaropy Ha J1a0OpaTOpHid Ta MUIOTHIH yCTaHOBKAax 3
BUKOPHUCTaHHSAM CHHTE3-Ta3y, OACP)KaHOTO Ta3u(iKaIli€ro 1epeBUHH.

Excnepumenm

3pa3ku  J1abOpaTOPHUX 3alI30BMICHUX KaTali3aTOPIB TOTYBaJM METOJOM OCAQ/DKCHHS 3
KHUIUISTYOT0 BOJIHOTO PO3YMHY HITPATIB 3ai3a, M, MapraHiio Ta allOMIHIIO, KUl 0/1aBajIl IPOTATOM
2-4 XB 10 BOJIHOTO PO3YHMHY COJY, TAKOX HArpiTOTO JI0 TEMIIEPATypH KHITIHHS. Y TBOPEHY CYCIICH3II0 3
pH = 7-8 mocTiiiHO 1HTEHCUBHO NEpeMILIyBalIl A BUAAJICHHS ByTJekucioro rasy. IlotiM cycnensito
¢biIbTpyBany, TBepAy ¢a3zy NPOMHUBAIM BOJIOI O MOBHOTO BUAAJIEHHS JIyTy Ta 10HIB HaTpito. Ocan
cymmia, (OpMyBalM i OCTATOYHO CYIIMJIHM A0 3JMIIKOBOTO BMicTy Boau ~ 3 %. OTpumaHy macy
KaTtajizaropa noJipiOHIOBaJIN 0 PO3MIpPY 3€pHa 2-5 MM.

KinbkocTi comneil po3paxoByBaiiu AJi1 OTPUMaHHS 3pa3KiB 3 IEBHUM BMicToM 3a Metanamu Fe, Cu
i okcunmamu K20, Al203, MNnOz. Byno npurorosieno 7 (moznaveni sk C1-C7) 3pa3kiB Katani3aTtopis sKi
BIJIPI3HSAJINCh KUIBKICHUM Ta SKICHUM ckiagoM. Ckiaj NpUrOTOBAaHUX JIaDOpaTOPHUX 3pa3KiB
Fe-BMmicHHX KaTani3aTopiB HaBeAeHO B Tab. 1.

Jlis mpurotyBaHHs HaHeceHUX Fe-BMICHHMX KaTaji3aTOpiB B SIKOCTI HOCisl Oysio BUOpaHO CcHIIiKa-
reab mMapku KCKI' B HarpieBiii ¢opmi 13 HacTymHUMH MapamMeTpaMH: KyJlbKH 3 jAiamerpoMm 1-5 mwm;
copbuiitna emuicTs — 1.19 cM®/r; mutoMa mosepxHs - 338 M%/r; cepeniit xiameTp nop — 7 Hm. Tlomepenno
HOCIH IPOMHUBAJIX BOJJHUM PO3YMHOM cOJsiHOI KucnoTu (1 11, pH = 2-3), moTiM AMCTUIIBOBAHOIO BOAOKO 10
nosHoro BuaaneHHs Cl™ (3a AGQNO3). [IpomuTnii cuitikarens cymwim Ha noBiTpi npu 120 °C npotsrom
10 ron, micast yoro nposkaproanu npu 350 °C, 15 rox. Ilpoxkapenuii cumikaresns MaB copOLiiiHUIA 00’ eM
1.28 r/cm® Ta TUTOMY TIOBEpXHIO - 275 M2/T.

[Ipomutuii Ta mpoXapeHUH CUIIIKareilb MPOCOYYBAJM HA IOBHY BOJIOTOEMKICTH BOJHUMHU
PO3UMHAMM a30THOKHCIIOTO 3aJli3a Ta a30THOKHUCIIOL MiJli B PI3HOMY CHIBBIJHOIIECHH] y MEpepaxyHKy Ha
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Mmetanu. [IpocodyeHHs MPOBOAMIM 3a KIMHATHOI TEMIIEpaTypd NpH IHTEHCHBHOMY IE€pEMIIllyBaHHI 1
3aJMIIAIM Ha HiY, MICIA YOro 3HOBY NepeMilryBaid, cymim Ha moBiTpi mpu 150 °C, 8 rox Ta
npoxaproBain Ha moitpi mpu 350 °C, 10 rox. OxonomkeHy MpoxapeHy KOHTAaKTHY Macy 3a
HEOOXiJHOCTI MOBTOPHO MPOCOYYBAJIM Ha MOBHY BOJIOTOEMKICTH BOJAHMMH PO3YMHAMH HITPATiB 3aii3a,
Mizi Ta kKapOoOHATy KaJlifo 32 KIMHATHOI TeMIIEpaTypH 3 IHTEHCUBHUM IEPEMILTyBaHHSAM HPOTATOM 4 TO1I.
[Ticna HIYHOT BUTPUMKHM OBTOPHO MEpEMIIIyBay, Cymmian Ha nositpi npu 150 °C, 8 rox Ta moBTOpHO
npoxaproBay 1ipu 350 °C, 10 roa. Byno BurotoBneHo 6 1abopaTopHUX 3pa3kiB HAHECEHUX Fe-BMiCHUX
KaTali3aTopiB pi3Horo cknany (nosHadesi sx H1-H6). Ix cknan maBeneno B Ta6. 2.

AKTUBHICTh OJEpXKAHUX KaTalli3aToOpiB JOCTIKYBaIH B J1a0OpPATOpHIA YCTaHOBIII BHCOKOTO
THCKY B METaJleBOMY MPOTOYHOMY PEaKTOpi 3 HEPyXOMHUM Imapom kaTamizaropa (1 cm®). Bimnosnenns
npoBogmn npu 400 °C 1 tucky BonHio y 1atm mpotsirom 3 rox. IloTik cuHTe3-Tazy gopmyBasin 3a
nornomororo peryistopiB motoky Bronkhorst El-Flow. Tuck B peaktopi migTpuMyBaBcs 3a JIOTIOMOTOIO
perymstop tucky Bronkhorst B mexxax 2-10 atm. AHamiTuuHuii 670K CKJIafaBcs 3 IBOX Xpomarorpadis
NeoCHROM 3 neTekTopoM MO TEIIONMPOBIAHOCTI Ta MOJIYM’STHO-10HI3alIHHUM JETEKTOpOM. AHai3
ra3iB CO, CO2, N2, i CH4 BinOyBaBcsl 3 BUKOPHCTAHHSM KOJIOHOK 3 mociicopoom I i3 po3mipom Ppakiii
0.35-0.5 mm Ta neonitom NaX — 0.18-0.2 mm gosxkunoro 1 m. [{nst ananizy npoaykriB cunte3y dimepa-
Tpomia BukopucToByBanu Kamiisipui kogoakd HP-5 30 mx0.32 mm Ta Supel-Q Plot 30 mx0.32 mMm. B
SAKOCTI raza-Hocis B 000X Xpomarorpadax BHKOPHUCTOBYBAaBCS BOJIEHb. TemmepaTypa AeTEeKTOpa
cranoBuna 200 °C.

JlocmiKeHHsT KaTaliTUYHOT aKTUBHOCTI BUTOTOBJICHUX KaTalli3aTOPiB MPOBOJMIA TAKUM YHHOM.
UYepes BiTHOBJIICHH KaTaii3aTop O€3MepepBHO MPOITYCKAIH CUHTE3-Ta3 3 MOJISIPHUM CITiBBITHOIICHHIM
CO:H; = 1:3 3a ymoB nporecy: 06’ eMHa mBuakicts 2400 rox %, Tuck - 2 aTM B iHTepBali TEMIIEPATYp
280-300 °C.

HamnpanboBany mpoMucioBy nmapTito po3po0JIEHOTO Karajizaropa Jjisi BAKOPUCTaHHS B MUTOTHIN
YCTAHOBIII OYJIO JTOCHIPKEHO METOJaMU PEHTTeHO(IyopecieHTHOI Ta PaMaHOBCHKOI CIEKTPOCKOITIT,
HU3BKOTEMITEpaTypHOi  ajcopoOmii-aecop6irii  asoty (BET) Ta TemmepaTypHO-IpOrpaMOBaHOIO
BigHoBieHHs BogHeM (TTIB). ®a3oBwmii ckiaa karagizaTopa OyJ0 JOCTIHKEHO METOAOM pPaMaHiBChKOT
crekrpockomnii ( cnekrpomerp RENISHAW inVia). [Ins ananizy BUKOPHCTOBYBaIM iH(pauepBOHUIT
Ja3ep 13 JOBXKUHOI0 XBWIl 633 HM Ta IudpakiiifHOO0 IPAaTKOIO 3 IyCTHHOO ITpuxiB 1200 mrp/MM.

XiMIYHUI CcKJIaJ PO3pOOJICHOTO KarajizaTopa JOCHIKYBald 3a JIOIIOMOTOI0 PEHTIeHO-
¢uyopecuenTHuii ananizy Ha cnekrpomerpi ElvaX Plus, 3 Rh-anomom, dinsrpom Al-800, Hampyroro
50 kB Ta xomimaropom (7.4 MM). Hampyra Ha aHomi ckianmana 35 kB, a Hampyra BUIIpOMiHIOBada
10-15 kB, cua ctpymy Big 50 g0 100 MmxA. HuzpkoTeMItepatypHy i30TepMy aacopOitii-aecopOrrii a3ory
Ha CHHTE30BaHOMY KaTaiizaropi Oyio omepskano Ha AMI-Micro 300 C (Altamira Instruments). Ilepen
anaiizoMm 3pa3ok jaerasyBanu mpu 300 °C B MOTOII reltito MPOTITroM 5 TOJ 10 MOCTIHHOT MacH.

Jnst mocmimkenHs: TepMonporpamoBanoro BigHosneHHs (TIIB) karanizaropy BHKOPHUCTOBYBaIN
AMI-300L.ite (Altamira Instruments). [ns nposeaenns TIIB 0.100 r karamizaTopa mpoayBaid aproHOM
(15 Ma/xB) 13 TOCTYMOBUM MifABHIICHHSAM Temreparypu mo 70 °C. B mojanbiioMy 3aiHCHIOBaIA
HarpiBaHHs Katajiizatopy o temnepatypu 600 °C 3 mBuakictio — 10 °C/xB. lns ctabinizarii peakropa
3MeHIIyBayd Horo Temmneparypy a0 50 °C, micng yoro Haaxoaus 10 % H2 31 mBHIKICTIO MOTOKY Ta3y
30 °C/xs. Ilicns nporo 3aikicHIOBanu HarpiBaHHs peakropa Bif 50 1o 1000 °C 3 mBukictio 10 °C/xB 13
napajieabHUM (PIKCYyBaHHSIM BUX1THOTO CUTHAIY.
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Pe3ynomamu ma ix o6z060pennn

Pesynbratn

MPOBEICHUX

JIOCIIIXKEHD

3aJI30BMICHUX KaTali3aTopiB HaBeaeHO B Tabm. 1ta 2.

KaTaJIITUYHUX

BJIACTUBOCTEN

MMPUTOTOBAHUX

Tabauns 1. Cknan cniBoca/pkeHNX FE-BMICHUX KaTalli3aToOPiB Ta iX KaTaIITUYHI XapaKTEPUCTUKU

Ckyan xaTamizaropa, mac. % KaraniTuuHi XapakTepUCTHKU
Spasok [T T ey | K0 | ALO, | MO, | Xco,% | C,t. i *rom) | S(C.+), %
Cl 65 5 5 25 - 18.2 0.0144 45.3
C2 80 15 5 - - 23.1 0.0193 49.7
C3 70 10 5 15 - 32.7 0.0244 43.9
C4 85 5 5 - 5 7.7 0.0046 335
Cs 75 10 5 - 10 8.6 0.004 24.6
Coé 80 10 - - 10 7.0 0.0035 29.1
C7 65 5 5 20 5 10.4 0.006 28.3

Tabauus 2. Cxinaj HaHECEHUX 3aTi30BMICHHX KaTali3aToOpiB Ta IX KaTAJTITHYHI XapaKTEPUCTUKU

Cknan karaiizaropa, mac. % Karamitnaai XapakTepuCTHKH
C +,
3pasox Fe Cu K,0 KCKT Xco, % ; S(Cy+), %
2 ' r/(r *ropm) 6
H1 18 10 - 72 6.9 0.004 21.7
H2 18 5 5 72 4.2 0.009 23.3
H3 25 5 5 65 114 0.0217 21.4
H4 25 3 2 70 1.6 0.0042 26.3
H5 30 5 5 60 2.0 0.0041 21.2
H6 30 3 2 65 1.1 0.0020 19.1

3 pe3ynbTaTiB BUIIPOOYBaHb CHHTE30BAaHUX 3aJ1130BMICHHMX KaTanizaTopiB /i npouecy dimepa-
Tpomnma BuIIMBae, 10 3a OJHAKOBMX CTaHJAPTHUX YMOB BCi 3pa3KM BUSBMIM JIOCTaTHHO BHCOKY
aKTHBHICTb. 3arajloM KaTajli3aTOpH, OTpUMaHi METOJO0M CIIBOCA/KCHHs, BUSBHWJIN BHUINY aKTHUBHICTbH
MOPIBHSAHO 31 HaHECEHMMHM KartajizaTopamu. [l BCiX JOCHIIPKEHMX KaTrami3aTopiB 30UIbIIEHHS
3arajibHOi KaTaJliTUYHOI aKTHUBHOCTI CYNPOBOJDKYETHCS 3MEHIIEHHSM CEJEKTUBHOCTI 3a BHUILUMH
ByTJeBOAHAMHU. ToOTO, HMOBIPHICTH POCTY BYIJIEBOJIHEBOIO JIAHIIOTA - TApaMeTp O Y CIIBBIAHOIIECHHI
Mynera-®nopi - 3MeHmIyeTbes. BogHowac 3a 0HAKOBUX YMOB BEJIEHHS IPOLECY, CEJIEKTHBHICTH 3a
piakumu ByriaeBogHsMH CO6+ € BHCOKOI TakoX s CHIBOCAKEHUX KartamizaropiB. [lomambrri
JOCIIJIKEHHS 103BOJIMIM BCTAHOBUTH ONTUMAaIbHUN CKIJIaJ] CIIBOCAJKEHOT0 KaTajizaTopa Ta po3poOuTH
METOAMKY HOr0 MPUTOTYBAaHHS JIUIsl OTPUMaHHA MaKCUMaJIbHOT'O BUXO/Y PIAKUX BYTJIEBO/HIB.

[TpoBeneHi JOCHiKEHHST JO3BOJIMIM BUOpAaTH ONTHUMalIbHUUA KatanizaTtop C3, Ha OCHOBI SIKOTO
Oyno po3poOJEHO TEXHOJOTI MPUTOTYBAaHHS IPOMHUCIOBOTO Karaji3aTopa CHHTE3Y pPIIKHUX
BYTJIEBOHIB 3 CHHTE3-Ta3zy. TeXHOJOTis MPUTOTYBaHHsS KaTaji3aTopa CHHTE3Y DIJIKUX BYIJIEBOJHIB 3
3JIIHCHIOETHCS
CHiBOCA/KEHHsSI BOAOpO3uMHHUX conedl, HiTpar 3amiza(lll), nirpar mimi(Il), wHiTpar amominiro(IIl) 3a

CHHTE3-Ta3y Iojsrajga B HacTymHoMmy. Jlis opep)kaHHS Takoro Karami3aropa,
JONIOMOTOI0  amiaky 3 YTBOpPEHHs ocaly. B $KOCTI BOJOpPO3UMHHHMX COJIEHl MOXHa TaKOX
BUKOPHUCTOBYBATH COJII OpraHiuHUX KHCIOT. [Ipolec onepaHHS 3ai30BMICHOTO KaTajizaTopy i
cunresy dimepa-Tponiua 31iiCHIOBaIN BUKOPUCTOBYIOYHM HACTYIIHI CTaii:

- BIMIOBIJIHI KUIBKOCTI BOJAOPO3YMHHHUX COJICH: HOHAriApaT HITpaTy 3aji3a, TPUTLApaT HITpaTy
MiJli, HOHAriIpaT HITpaTy aJIOMIHII0 MOMIIIAIX B PEAKTOp 3 MIIIAIKO, HArpiBajJH O TeMIIEpaTypu
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TUTaBJICHHS NIPU MEPEeMilllyBaHHi, 110 MPU3BOAMIIO 10 YTBOPEHHS PO3IUIABY COJIeH, B pe3ysibTaTi BTPAaTH
KpHUCTaTi3aliif{HOT BOJY KPUCTAJIOTIAPATOM; - MICJIS PO3UYMHEHHS COJIeH MEeTalliB MoJaBalld Ta3010Ji0HNI
amiak B Tapsuumii po3umH coneii 3a Temmeparyp 80-100 °C mporsirom 4-6 rom i3 mOCTIHHUM
nepeMilllyBaHHIM CYCHEH3il Ta KOHTpoJieM 3HaueHHs pH, 10 MpU3BOAMIIO 10 YTBOPEHHS resienoioHo1
nactu. Ilix wac B3aemoxii po3umHy coyieli 3 amiakoM, OKpIM TiIPOKCH[IIB Ta OCHOBHHUX COJICH,
YTBOPIOBAJIMCh amiakaTH 3ajiza, adoMiHilo Ta wimi. [lepen 3aBeplieHHSIM OCAaDKEHHS, IO
KOHTPOJIIOBAIM BHUMIpIOBaHHSAM pH, 10 po3umHy AoAaBaiad BiANOBIAHY KUIbKICTH KapOoHaTy (abo
TiIpOKcUay) Kajito. XapaKTepHUMHU O3HAKaMHU 3aBEpIIECHHS IMPOLECY OCA/KEHHS € YTBOPEHHS T'yCTOi
renenoAiOHoi mactu Ta 3HadueHHs pH Ha piBHI 7-8. Takwmii crocid oxepkaHHs KaTallizaTopa J103BOJISE
YHUKHYTH CTaJliii MPOMUBKU BiJ 3aliBUX 10HIB Ta (IBTPYBaHHS Ocany, sIKi MOTPEOYIOTh HAJAMIPHOTO
BUKOPUCTAHHS BOJIH,

- TCJIA OCA/KEHHS YTBOPEHY T'yCTy CYCHEH31I0 MoMimaiy B My(enabHYy I i BUTPUMYBAIIU 3a
temneparypu 120 °C, 10 rox ans BUAaJIEHHS 3QJIMIIKOBOTO aMiaky Ta BOJIOTH i3 po3miaBy. I[licis
BUCYIITYBaHHS, 3MIMCHIOBAIM MporpamMoBaHe HarpiBaHHs 31 mBuakictio 2-3 °C/xB mo 400 °C mns
MOBUTHPHOTO PO3KJIAJIaHHS TiIPOKCHJIIB METATIB, /1€ BHACIIJOK TEPMIYHOI JMCOINAIlil YyTBOPIOBAIACH
aKTHBHA PEYOBMHA Kartamizaropa y (opmi ApiOHMX YaCTHHOK BIAMOBIIHUX OKCHIIB i3 PO3BHHEHOIO
nosepxHero. Ilicns gocsruenns 400 °C karamizaTopHy Macy HpokaproBasid 4 roj. 3aJIUIIKOBUN BMICT
BOJIOTHY B KaTaJi3aTOPHINA Maci Mmicis mpokaproBaHHs ckiaaas 3 %.

OpnepxaHy Karaai3aToOpHy Macy MOApiOHIOBAIIM 32 JOMTOMOIO0 IAaPOBOTO MIIMHA Ta Ta0JIEeTyBaIH
Ha rnipeci TDP-6T. 3a po3po0sieHO0 TEXHOJIOTi€I0 OYII0 BUTOTOBJICHO 8 KT Karamizaropy (puc. 1, Tabm. 3)
Ta TOCIiHKEHO Horo (i3UKO-XiMiYHI Ta KaTaJITUYHI TapaMeTpu.

- B 23598
Puc. 1. TabGmeroBanwuii Ta moapioHeHwmit (ppakiis 2-3 mm) C3 kaTamizatop

Tabauusa 3. 'eoMeTpuyHi apaMeTpu TaOJETKU CHHTE30BAHOTO KaTajlizaTopa

ITapametp Po3MmipHicTh 3HaveHHS
[IuToMa rycTiHa TabIETKH, P r/em® 1.92
[IuToMa rycTHHa KaTaai3aTopa, Pm r/em® 8.40
[TopucTicTs, € 0.23

Jns nopaneinoro Bukopuctans C3 kaTanizaTopy B NUIOTHIN yCTaHOBII, TaOJETKH KaTanizaTopa
po3apo0ioBany i Bimoupanu ¢ppaxitiro 2-3 M (puc. 1).

EnemenTHuil ckiag po3poOIeHOr0 MPOMUCIOBOTO Karaji3aTopa, BHM3HAUYE€HHUN pEHTIEeHO-
GiyopecieHTHIM MeTOI0M, ctaHoBUB: 67.6 % Fe203,20.0 % CuO, 2.5 % K>0, 9.9 % Al20:s.

3a pesysbTaTaMi HU3bKOTEMIIEpaTypHOI i30TepMu ajacopOitii (puc. 2), Oyau BU3HAYCHI HACTYIHI
cTpyKTypHi mapamerpn C3 kaTamizatopa: muToma rmoBepxHs 3a BET — 24.4 M%/r, 06°eM mop — 2.52 cm®/r
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ta cepennii miamerp mop 16.4 um. Ortpumana i3otepma a3oTy (puc. 2) BITHOCHUTBCS 10 130TE€PMHU
IV tuny 3a knacudikamiero [FOITAK, ockinbku Ma€e MeTNIO TiCTEpe3UCy MiK Trinkamu aacoomii Ta
necopOiii, 10 BKa3ye Ha cepeHii po3Mip mop Matepiany (Bix 2 1o 50 HMm).
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Puc. 2. I3otepma agcopbuii/necopOirii a3oTy Ha C3 katanizaropi

Ha puc. 3 mokazano PamaniBcekuii criektp C3 karanizaropa. bynu inentTngikoBaHi THUIIOBI MOAH,
AKi TOB’SI3aHi i3 CTPYKTypoio anb(a-rematutry o-Fe,03 i3 gosxunoro cmyru 227, 411.3 em! [20] Ta
npucyTHicTE CuO abo rerepocTpyktypu okcuay mimi anbda-remaruty (CuO/a-Fe;03), mo Mae cmyry
293.6 cm 1 [21]. JocuTh 4iTKO BUpA’KEHO THIIOBI MOJHM, IO HOB’A3YIOTh i3 HasBHiCTIO MarHeTUTy Fe3Oas
i3 noBKMHOIO0 cMyTH 665.6 cM ! [22]. Takox mpucyTHs cMyra 492 cm 2, sxa Moke OyTH MOB’A3aHOIO i3
Mozo10 Tog (482 cmt) masBaicTio deputy Mmigi(Il), mo mae crpykTypy mmineni CuFe,O4[23].

PamaniBcbkux MiKiB, K1 XxapakTepHi 1 anbda-okcuay amominito(IIl), ne 6ymo 3apeectpoBaHo,
II0 MOXKHAa MOSICHUTH TMPHCYTHICTIO B KatamizaTtopi jumie y-Al2Os, skuii xapakTepusyerbesi cliabKo
BUPXECHHUMH CMyTraMu B pamanicbkoMmy cmektpi nmpu 315, 410, 520, 713, 835 um [24]. Takox Oyna
nomiuna cmyra mpu 1319 cMl, mo mokasye sp>-TiOpHAM30BaHi aTOMH BYIJEIIO Ta IOB’A3aHA i3
YTBOPEHHSIM KapOidy 3aii3a B pe3yJbTaTi HaBYIJICHIOBAaHHS, SKUH Mae 3arainbHy (opmyny FexC [25].
Takoxk, 11 cMyra MOKe XapaKTepu3yBaTH e()eKTH y Ha MOBEPXHi KaTalizaTropa.
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IHTeHCUBHICTBL curHany, ym.og,

400

T T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
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Puc. 3. Pamaniscekmii criektp C3 kaTaimizaropa
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B mporneci @imepa-Tpomma, B mpucytHocTi po3pobieHoro C3 karamizaropa, yTBOPIOIOTHCS
kapOimm 3amiza FexC, BmicT sikmx Moxke crtanoButd Bix 2.0 mo 31 % Big 3aranbHOi KUTBKOCTI
KOMITOHEHTIB. [Iporiec mepeTBOpeHHS OKCHIIB 3aii3a J0 KapOigiB TOYMHAETHCS 13 BiJHOBJICHHS
rematuty (Fe20z) mo marneruty (Fes3Os), yHacmigok B3aemoii 3 BogHeM. Hajgaii MarHeTUT y MOTOLI
BOJIHIO BIJIHOBIIOETHCS A0 MeTactabinpHoro BiocTHTy (FeO), skuif moTiM mepexonuTh y MeTajiuHe
3amizo (a-Fe). Meramiune 3amizo pearye i3 okcunom Byriemio CO Ta Bognem Hp, mo mpus3BOIuThH 10
YTBOpPEHHsI KapOimiB 3aii3a, fKi MiABUILYIOTh aKkTUBHICTH B mpoueci ®Pimepa Tpomia, 3a paxyHOK
YTBOPEHHS JJOJAaTKOBUX aKTHBHHUX IIEHTPIB Ha MOBEPXHI Karamizatopa. 3a3BUYail, yTBOPIOIOTHCS 11’ ATh
OCHOBHUX KapOiJiB 3aii3a, mo MatoTh Gopmy y-FesCa (kap6ix Xerra), 0-FesC, €'-Fe22C, e-Fe22C, FerCs
[26].

B npodini TIIB ans po3podiienoro C3 karamizaropa (puc. 4) cnocrepiratotbes miki mpu 277 Ta
354 °C, sKi XapaKTepu3yIOTh MPOIIEC BiIHOBICHHS BoaHeM okcuaiB miai CuO [29]:

CuO + Hz — Cu+ H20 (11)
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Puc. 4. Tlpodins TIIB nns C3 karanizaropa

Opnnak, mponec BigHoBiIeHHA CUO BoJHEM 3AIMCHIOETbCS B JBa €Talld, Jie¢ Ha MEepLIoMy
BiI0yBaeThess yTBOpeHHS cyOokcuaiB miai (CusOs, Cuz0). Iloganeiie BiZHOBIEHHS CYOOKCHAIB Miji
MPU3BOIUTH 70 YTBOPEHHs MeTaneBoi mimi [27, 28].

3a gonomoroto merony TIIB ckinagHO OKpeMO BH3HAYMTH MPUCYTHICTh OKCHJIIB MiJi Ta 3aii3a,
OCKUTbKH JIaHI OKCHIM KOHTaKTYyHOTh MiXK c000r0. 3rigHo miteparypuux aaHux [30], BigHOBICHH:
okcuay Miai (CuO) mae xapakrepuctuunuil mik npu 304 °C. Llei nmik nmoxiOHMHA 10 MKy BiJAHOBJIEHHS
reMaTuTy JI0 MarHeTUTy, TOMy HOT0 BHIHO HE JOCUTH 4iTKO. Takum unmHOM, miku 277-354 °C (puc. 4)
BIAMOBIIAIOTh Tporiecy BigHoBieHHs rematuty Fe;O3 mo wmarmetuty FesOs [31]. IMomanbme
BigHOBIeHHA MarHeTuty FesOs 1o metacrabimbHoro Broctuty FeO peectpyerbes Ha Mexi mikiB 354 Ta
384 °C [32]. BignoBnenns mertactabdbinmbHoro FeO g0 mertamigHoro 3aimiza Fe® BiJI0YBa€ThCS B IHTEPBAII
440 Ta 680 °C [33]. [Ipowec BiqHOBIECHHS OKCHIIB 3aji3 BiIOYBAETHCS MO PEAKIIisIM:

3Fe203 + Hz — 2Fe304 + H20 (12)
FesO4+ H, — 3FeO + H20 (13)
FeO + H, — Fe + H20 (14)

3a temneparypu 440-671 °C BinOyBaeTbcsl MOTJIMHAHHS BOJHIO, IO MPH3BOJIUTH 0 MOYATKY
peaxuii BigHOBNIeHHsT FeO no meramiunoro Fe. Ilpu momanpmiomy BigHOBIEHHI BogHeM Buie 671 °C
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MIPOOBXKYEThCA MOTTTMHAHHS BOJAHIO aKTHBHOIO TMOBEPXHEIO KaTtanizaropa. Baromy poib y BiHOBIEHHI
OKCHJIIB 3aii3a J0 METAJIYHOro craHy Mae npucytHicte y-Al2O3 B ckilazi karaiizaropa, IO CHpUSE
yIOBibHEHHIO BigHOBIeHHs FeO 10 Metaniunoro 3amiza Fe? [34].

AKTUBHICTh PO3pOOJICHOrO MPOMHCIOBOIO KaTali3aropa B peakilii CHHTE3y BYIJIEBOAHIB 3a
nporiecom dimepa-Tpomnimma Oya0 JOCTIHKEHO B JIaOOpaTOpHi yCTAHOBILI B CTaHAAPTHUX YMOBAxX
(CO:Hz = 1:3, 06’emna mBuakicts — 2400 rox L, Tuck - 5 arM, Temmnepatypa - 280 °C). B pesynbrari
MPOBEJICHUX JOCTIKEHb OyJI0 MoKa3aHo, mo cTymiHb neperBoperns CO nocsrana 49.8 %, npu upomy
BUXIJ PIIKUX BYTJIeBOJHIB CTaHOBUB (0.153 1/(Txar'TOM), MO BIAMOBITAE CENEKTUBHOCTI MPOIECY 3a
pinkumu  ByrneBomHsMH Yy 42 %. IlpoBemeHi BHIIPOOYBaHHS CHHTE30BAaHOTO IPOMHCIOBOTO
KaTaii3aropy MEpeBUIIYIOTh MOKAa3HUKH aHAJIOTIYHOTO JabopatopHoro katamizatopa C3. Ha puc. 5
HAaBEIEHO MOJICKYJIIPHO-MAaCOBHM  PO3MOAIT BUXOAY BYIVIEBOAHIB [UIS TAaKOro Karaji3aTopy.
ATpokcuMallisi eKCIePpUMEHTAIBHO OTPUMAHOTO MOJIEKYJIIPHO-MAacOBOTO PO3MOIUTY 3a JOIMOMOTOIO
piBasiaas [ynbia-dnopi[35]:

W(C,) = n{1-o)%a=!

Jano 3MOry BupaxyBaTH KoedimieHT po3moniny o~ 0.7. Take 3HaueHHS koedillieHTa PO3MOILTY B
piBHsaHHI Lllynbua-®nopi xapakTepHUi AJs 3aTi3HUX KaTali3aTopiB.
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Puc. 5. Posnoain npoaykris peakiii ®@imepa-Tpomnina 3a ygacTtio pozpobiaeHoro C3 karanizaTopa

Bunpobysanns odepocanoco kamanizamopa @iwepa-Tponwa na ninomuitl ycmano8yi

Otpumannii mpomucioBuii C3 karamizarop (dpakimiro 2-3 MM) 3arpykaid B PeakTop IJIOTHOL
ycTaHoBKH. PeakTop cuntesy dDimepa-Tporia mpeactaBisiB cO00I0 KOKYXOTPYOHUH TEIIIOOOMIHHUK B
TpyOKax sikoro Oyno 3arpyxkeHo 3 1 C3 karamizatopa. PeakTop ckiagaeTbcsi 3 ceMu TpyO BHCOTOIO
1.5 M, 30BHIIHIM JiaMeTpoM 37 MM i TOBIOIMHOIO 3.5 MM, MpoOKIaJieHuX B TpyOi 3 HEeprKaBilo4oi cTayi
BHYTpIlIHIM AiameTpoM 120 mm. /[l miATpUMKH TeMIIepaTypHOTO PEXUMY pOOOTH peakTopa B SIKOCTI
HOCIsl BUKOPUCTOBYBaJIM BOAY B MDKTpPYOHOMY MpocTopi. TeMieparypy BOJIU peryiroBalM HUIIXOM
3MIHM THCKY HacHM4eHOI mapu. I'0JIOBHOIO IEpeBarol0 TaKOro peakTopy € WOTro Jierke MaciiTa0yBaHHS,
MPOCTOTA KOHCTPYKIIII Ta YIIPaBIiHHS MPOLIECOM.

AKTHBaIil0 KaTalli3aTopy MPOBOAWIM BOJHEM, 3TiIHO IIyCKOBOTO pErJIaMeHTy, MPOTATOM
8 romqun. Ilicns akTuBarii BigOyBantach Mmojaya CUHTE3-Ta3y 3 rasrojbiepa B pEakTop 3 Karamai3aTOPOM.
CunTes-ra3 Oys0 OTpUMaHO IIJISXOM Ta3udikalii mopiTpsaM mnenet 3 AepeBuHH. CKIax CUHTE3-Tazy, 110

BUKOPHCTOBYBABCS JUIsI CHHTE3Y BYIJIEBO/HIB Ha BeJIeHO B Ta0I. 4.
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Ta0auusa 4. Ckiajx reHepaTOPHOro rasy Mmicisi OYMCTKU Ta KOPEryBaHHS

Kommonentu Ckuag cuHTe3 Tasy, % 00.
H> 41.65
N2 36.61
CO 17.19
CH,4 2.02
CO2 0.00

CoHq4 0.03
CoH. 0.00
CaHe 0.03
H.0 2.48
Cyma 100

PesxuM po6OTH peakTopa: THCK — 5 atM TemnepaTypa — 280 °C. 06’ emua msuakicts 1000 rog L.
[Tpoutec mpoBoawmau TpoTsAroM 8 roawH. B pesynbTari mepediry reTeporeHHO-KaTATTHYHOI peakilii
CHHTE3y BYINIeBONHIB 3a @imepom-Tpomnmma BigOyBalloCh YTBOPEHHSM Ta30MOMIOHMX Ta PIIKHUX
NpoAyKTiB peakmii. ['a3omoniOHI MPOAYKTH HaNpaBsUTMCh HA aHali3 Ta CHATIOBATUCH Ha (akemi
MUIOTHOIT YCTAaHOBKH. Pi/IKi MPOJYKTH HAKOTIMYIYBAIKCH B CEMIApaToOpi.

[IpoTsirom BcbhOTO uacy BHIIPOOYBaHHS CepenHi BUXIJH Ta30HOJIOHMX MPOIYKTIB CKJIA/JIaB
1.2 M®/ron. YcepeaHeHnii cKiIa/| ra30moJi0HIX NPOIYKTiB HaBeIeHO B TabuIi 5.

Tabauus 5. Pesynbpratu aHamizy XiMI9HOTO CKJIaAy ra30moiOHUX MPOIYKTIB MICIs PEAKTOPY CHHTE3Y
dimepa -Tponia

KommnoneHnTu VYcepenuenuii cknan rasy,%
Ho> 0.909645
N2 60.46776
CoO 3.450606
C1 5.258066
Cc2 3.943549
C3 2.629033
C4 1.971775
C5 1.413105
C6 0.985887
C7 0.722984
C8 0.096748
C9 0.076242

H.O 18.0746

B cenaparopi 6ys10 HakKOIIUYEHO 3a MEePioJ] MPOBEACHHS €KCIIEPUMEHTY PIAMHU. Ka pO3/lJIeHa Ha
IBa IIapu: HWkHIM — BoaHud (2750 T) 1 BepxHii — ByrneBoaHeBuid (735 r). Ckiaa BYIJIEBOAHEBOIO
Iapy HaBelleHO B TaOuwili 6.

3a wac BuTpPOOYBaHHSA OyIO BHKOPHUCTAHO 25 HM® BiJIKOPUTOBAHOTO TEHEPATOPHOTO TIa3y
(po3bariieHOTO a30ToM cHHTE3-razy). Orpumano 0.735 Kkr 3pijpkeHHX BYTJIEBOAHIB Ta 2.17 Kr Beix

BYIJIEBOJIHIB (3 ypaxyBaHHSAM ra3oBoi ¢a3u). CTyIiHb NEpEeTBOPEHHS MOHOOKCHUIY BYTJELIO CKJana
89 %.
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Tabauusa 6. Ckiaja piIkuxX BYIJICBOJHIB micis peakTopa cuHte3y ®Pimepa -Tponima

KomMmnonent Macosa gactka, %
C3 0.067839
C4 0.135678
C5 1.356778
C6 2.225117
C7 5.676761
C8 19.97178
C9 15.73863

C10 16.00999
Cl1 14.65321
Cl12 9.226094
Cl13 5.02008

Cl4 3.12059

Cl15 2.184413
Cl6 1.492456
C17 1.221101
C18 0.949745
C19 0.542711
C20 0.271356
C21 0.135678

Bucnoeku

Ha 06asi mitepaTypHHX JaHUX Ta HOMEPEIHIX JOCIIIKEHb B SKOCTI aKTHBHOTO KOMIIOHEHTY
Karajizaropa CHHTE3y pinkux ByriieBonHiB (C6+) meromom @imepa-Tpomma BuOpano 3amizo. s
nig0opy ONTHMANBHOTO CKJIQAy KaTalli3aropy IMpOLeCy TiIpyBaHHS MOHOOKCHIY BYTJICIIO 3
OJIEp’KaHHSAM PIAKUX BYTJIEBOJHIB CHHTE€30BaHO 13 3pa3kiB MOMI(PYHKIIOHATBHUX KAaTATIITUYHUX CUCTEM
Ha OCHOBI 3aii3a, [0 BIAPI3HIUCH METOJIOM MPUTOTYBaHHS, XIMIYHMM Ta KUIBKICHUM CKJIaJ0M
POMOTOPIB. JIOCHIKEHHsSI aKTMBHOCTI CHHTE30BAHMX 3pa3KiB MOMI(QYHKIIOHATBHUX KaTaliTUYHUX
CHUCTEM Ha OCHOBI 3alli3a Il TPOIECY OJEpKaHHS PIIKUX BYTJEBOAHIB 3 CHHTE3-Ta3sy 3a yMOB:
H2:CO = 3:1, o6'emnoi mBuakocti 2400 rox?, Tucky 2 atm, B iHTepBami TemmepaTyp 280-300 °C
MI0Ka3ajo, II0 KaTaji3aTopH, OJep>KaHl METOJOM MPOCOYEHHS, BUSBIAIOTh CyTTEBO MEHIIY aKTHBHICTb
MOPIBHSIHO 3  Karaji3aTopamMH, II0 CHHTE30BaHI METOAOM cmiBocaJkeHHs. (CeneKTUBHICTb
CHIBOCA/DKEHMX KaraiizaTopiB B peakuii @imepa-Tponma 3a piIKUMHU BYIJIEBOAHSIMH 1CTOTHO
MEPEBUILYE BIAMOBIIHUI MOKA3HUK JJI1 HAHECEHUX KaTali3aTopiB.

[IpoBeneH1 MOCHIIKEHHSI TO3BOJWIM BCTAHOBUTH ONTUMaibHUM ckian C3 karamizaTopa Ta
po3pobuTH TEexHOJOriI0 ioro onepxkaHHsA. Ha npomy katanmizatopi Oyjo JOCSATHYTO BHUXIJA PIAKHX
ByrJieBOIHIB ¥ 0.153 r/(Twar ToN) 3 cTymieHeM nepeTBoperHs CO y 49 % 3a oauH npoxis.
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Development of a catalyst for the synthesis of motor fuel components
from carbon-containing feedstock
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The article is devoted to the development of an iron-containing catalyst for the synthesis of liquid
hydrocarbons over modular units (Fischer-Tropsch process) from synthesis gas obtained by gasification of
carbon-containing feedstock. Based on literature data, nine laboratory catalyst samples were synthesized; they
differed in both qualitative and quantitative chemical composition as well as in the preparation method.
Experimental investigation of the catalytic properties of the synthesized iron-containing catalysts in the Fischer—
Tropsch reaction made it possible to select the catalytic composite C3, which served as the basis for designing an
original technology for industrial production of an efficient catalyst for the synthesis of liquid hydrocarbons from
carbon-containing feedstock, and for producing a pilot batch. The developed industrial catalyst had the following
composition: 67.6 % Fe;0O3, 20.0 % Cu0, 2.5 % K0, 9.9 % Al.Os; the specific surface area of the non-activated
catalyst was 24.42 m?g. This catalyst was characterized using various physicochemical methods, and its catalytic
performance was studied in a laboratory unit using a model synthesis-gas mixture. It was shown that, during the
Fischer—Tropsch synthesis in the presence of the developed catalyst, iron carbides FexC are formed, with their
content ranging from 2.0 to 31 % of the total amount of components. Optimal process conditions were
determined, and liquid hydrocarbons were synthesized from synthesis gas using the developed catalyst. It was
demonstrated that, under standard conditions (CO:H2 = 1:3, gas hourly space velocity 2400 h™!, pressure 5 atm,
temperature 280 °C), the CO conversion reached 49.8 %, while the yield of liquid hydrocarbons was
0.153 g/(gcat-h), corresponding to a selectivity of 42 % toward liquid hydrocarbons. Successful tests of the
developed catalyst were carried out in a pilot unit using synthesis gas produced by wood gasification.

Keywords: catalyst, carbon-containing raw materials, liquid hydrocarbons, Fischer-Tropsch synthesis,
pilot plant
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An important product of biomass carbohydrate conversion is 5-hydroxymethylfurfural as a potential raw
material component of a wide range of important chemicals. The aim of the work was to study the conversion of
glucose into 5-hydroxymethylfurfural in the presence of modified clinoptilolite and mordenite-clinoptilolite
zeolite rocks from Transcarpathia. A number of acid catalysts have been synthesized by liquid-phase ion
exchange of native cations with calcium, lanthanum, and ammonium cations, as well as by dealumination with
hydrochloric and ethylenediaminetetraacetic acid. Their properties were characterized using XRD and XRF
analysis, low-temperature nitrogen adsorption/desorption, and FTIR spectroscopy. The acidity of the samples was
determined by reverse n-butylamine titration. Acid treatment of the samples contributed to an increase in the
specific surface area of the samples by an order of magnitude. The samples were tested in the conversion of 9%
aqueous glucose solution into 5-hydroxymethylfurfural. The composition of the reaction products was analyzed
by gas chromatography. The glucose conversions and the yields of 5-hydroxymethylfurfural, levulinic acid, and
fructose were calculated. The glucose conversions ranged from 30 to 70 %. The results were analyzed in
accordance with the characteristics of the nature of the active sites of the catalysts and the porous structure of the
latter. It was found that the samples with the presence of Lewis acid sites in the form of extra-framework
aluminum and multiply charged cations are characterized by the highest 5-hydroxymethylfurfural yields. Due to
glucose conversion occurs mainly on the outer surface of zeolite crystals and at the entrances to the cavities, the
polycationic form of clinoptilolite, despite its low porous characteristics, demonstrates the highest yield of
5-hydroxymethylfurfural.

Keywords: natural zeolites, acid sites, 5-hydroxymethylfurfural, glucose conversion

Introduction

Carbohydrates of biomass are important natural sources of energy. However, the bulk of the
biomass carbohydrates is in the form of cellulose, which, despite its abundance, is little used in the
chemical industry due to its low solubility and low reactivity. This natural biopolymer can be hydrolyzed
to simple carbohydrates, and the latter can be dehydrated to furan derivatives, in particular, furfural,
5-hydroxymethylfurfural (5-HMF), levulinic, and lactic acids [1-4].

Biomass-derived 5-HMF is a potential feedstock for a wide range of chemicals and biofuels. Its
production from monosaccharides involves the isomerization of glucose into fructose, which converts
into 5-HMF by losing three water molecules (Scheme 1). Therefore, fructose is considered as a key
precursor of 5-HMF.

OH HO

OH
OH
0-
A N
’ —3H:0 o\
HO OH OH HO o)

OH OH HMF

Scheme 1. Scheme of glucose transformation into 5-HMF

It is believed [5, 6] that in the first stage, Lewis acid sites (LAS) catalyze the isomerization of
glucose into fructose by the 1,2-hydride transfer mechanism, while Brensted acid sites (BAS) contribute
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to the second stage - the dehydration of fructose into 5-HMF. There is another approach [7], according
to which the dehydration of glucose into 5-HMF is possible through the formation of the intermediate
1,2-enediol without involving fructose as an intermediate product.

It is natural that the use of heterogeneous catalysis in the conversion of hexoses is a progressive
and promising direction that will contribute to the development of technologically advantageous
processes for obtaining platform substances from sugars. Today, the conversion of glucose and fructose
is intensively studied in aqueous, alcoholic, or other solvent environments with the involvement of a
significant range of solid catalysts. However, cheap natural zeolites have not yet found proper
application in this area [8-12].

Therefore, the aim of the work was to study the conversion of glucose into 5-HMF in the
presence of modified natural clinoptilolite and mordenite-clinoptilolite zeolite rocks of Transcarpathia.

Experiment

Synthesis of catalysts

As the starting materials, the samples of natural Transcarpathian zeolite rocks of mordenite-
clinoptilolite (MC) and clinoptilolite (C) origin were used. The SiO2/Al>Os ratio for C rock was 8.4, and
for MC rock — 9.5. The content of clinoptilolite in the C rock is about 80 % by mass, and the content of
mordenite and clinoptilolite in MC rock is 75 % and 25 % by mass. The main impurities are mica and
quartz. Sodium, calcium, potassium, and magnesium cations compensate negative charge of aluminum
tetrahedrals. Their content was CaO (3 wt. %), Na2O (1 wt. %), KO (2wt. %) [13] and CaO
(5.5 wt. %), Na2O (0.6 wt. %), MgO (1.0 wt. %), K20 (8.1 wt. %) [14] for MC and C rocks respectively.

As a result of acid treatment of the corresponding rock with hydrochloric acid (1.5 mol/l and
4 mol/l) at the boiling temperature of a water bath, samples of hydrogen forms C-1 and MC-1 were
obtained.

The polycationic form of clinoptilolite (C-3) was obtained by sequential exchange at 90-150 °C
for calcium ions (4 exchanges), lanthanum (2 exchanges), and ammonium (1 exchange) from aqueous
solutions of the corresponding nitrates with intermediate calcinations at 550 °C for 2 h.

By “soft” dealumination of sample C-3 using ethylenediaminetetraacetic acid (EDTA) in an
aqueous medium in three stages, sample C-4 was obtained. The procedure of obtaining these samples is
described in more detail in [14, 15].

To obtain the MC-2 sample, silicon atoms in the MC framework were subjected to partial
isomorphic substitution with aluminum atoms by high-temperature treatment (600 °C) in SiCls vapors,
followed by conversion to the hydrogen form by ion exchange with 3 mol/L ammonium nitrate solution
and subsequent calcination at 500 °C for 3 h.

Characterization of the catalysts

To determine the total concentration of acid centers in zeolite samples, a reverse titration with n-
butylamine was performed. To start with, 0.3 g of a natural rock-based sample was placed in a vial of
100 cm®, weighed with analytical accuracy, and 10 cm® of a 0.1 M solution of n-butylamine in
cyclohexane was added. The vial was sealed, shaken vigorously, and left for 24 hours. After that, the
entire liquid phase was collected, transferred to a titration flask, weighed, and titrated with a 0.1 M HCI
solution in i-propyl alcohol. The concentration of acid sites was determined from the calculated change
in n-butylamine concentration based on the titration results and the known weight of the sample. This
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procedure was repeated three times for each studied sample. The results were statistically processed.
Confidence level of 95 % was used for calculating confidence intervals.

XRD patterns were recorded using DRON 4-07 equipment. FTIR spectrum was recorded using
Affinity-1S spectrometer (Shimadzu Corp.). All samples were also examined by low-temperature
nitrogen adsorption/desorption methods (Nova 1200, Quantachrome Instr.). The specific surface areas
(SBET) have been calculated according to the standard Brunauer—-Emmet—Teller (BET) method utilizing
the nitrogen adsorption data at P/Po values between 0.06 and 0.2. The micropores volumes (V'micro) and
micropores surface areas (S'micro) have been estimated using the de Boer t-plot method. External surface
(SY) was calculated as the difference between SBET and S'vicro. Silica to alumina ratio in the samples were
determined using XRF analysis (X-Supreme8000, Oxford Instruments).

Glucose dehydration

The conversion of glucose on zeolite-based catalysts was carried out in an aqueous medium
using glass autoclave reactors of 35 cm?® with a screw Teflon top. The loading volume of the aqueous
reagent solution was 5.0 cm?, the mass ratio of solid to liquid (S:L) phase was 1:9. The catalyst sample
of 0.50 g was poured into the flask, 0.50 g of glucose and 5.00 g of distilled water were added. A
magnetic stirrer was placed in the autoclave, then it was sealed and placed in a preheated oil bath. The
process was carried out for 4 h with intensive stirring (1000 rpm) at 160 °C. The products were cooled in
air and in a stream of cold water. The catalyst and precipitate of insoluble humins as by-products were
separated by centrifugation (10 min, 3000 rpm).

Reaction products were analyzed by using an Agilent 7890A gas chromatograph (FID detector,
split/splitless inlet, the capillary column J&W HP-5 (5 %-phenyl)-methylsiloxane, 30 m, inner diameter
0.32 mm, film thickness 0.25 um). For the analysis, about 0.2 cm® of liquid products weighed with an
accuracy of 0.0001 g were diluted with 2.0 cm® of distilled water. The brown sediment of water-
insoluble humins was separated using centrifugation (15 min, 4000 mint). The following conditions
were used for the analysis: inlet temperature — 200 °C; split ratio — 20:1; chromatographic column heater
temperature — 100 °C, then 5 °C/min to 175 °C and 30 °C/min to 320 °C; carrier gas (N2) flow rate —
3 cm®/min; detector temperature — 260 °C; injection volume — 1 ul. The concentrations of 5-HMF and
levulinic acid were calculated using calibration curves in range 0.1 to 0.5 wt. % for 5-HMF and 0.05 to
0.2 wt. % for levulinic acid obtained with analytical standards of corresponding pure substances. The
analysis was repeated 3-5 times and the results were averaged.

To determine the concentration of glucose in liquid products of catalytic transformation, gas
chromatography analysis with D-sorbitol as internal standard (>98.0 %,) was carried out with
preliminary derivatization of hydroxyl groups by means of trimethylsilytatation with
trimethylchlorosilane (Sigma Aldrich, >99.0 %, for GC derivatization) and hexamethyldisilazane
(Sigma Aldrich, >99.0 %, for GC derivatization). About 0.04-0.05 g of the liquid products were placed
in a glass vial (10 cm®). The vial with the sample was weighed with an accuracy of 0.0001 g and then
evacuated (< 1 kPa) for 3 h at 20 °C and for 1 h at 70-80 °C to remove water and volatile products. The
residue was dissolved in 2 cm® of D-sorbitol standard solution in pyridine (0.315 wt. %), pyridine, and
then 60 pl trimethylchlorosilane and 120 pl of hexamethyldisilazane were added. The vial was closed
and shaken intensively followed by centrifugation (10 min, 3000 min™) in order to remove the sediment
of ammonium chloride. The sample for chromatographic analysis was taken from the liquid phase, not
disturbing the formed sediment. Varying amounts (about 0.04-0.08 g) of D-glucose (pharmaceutical
purity FS 42U-52/37 709 00, Ukraine) standard solution in pyridine (10.00 wt. %) were treated in the
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same manner in order to calibrate the ratio of FID sensitivity to derivatized forms of D-glucose and
D-sorbitol. The conditions of analysis were the same as for 5-HMF and levulinic acid analysis.
D-glucose concentration was calculated from chromatographic peaks areas of both anomers of its
six-member cyclic form (a- and -D-glucopyranose).

The conversion of glucose as well as the yields of 5-HMF, levulinic acid, and fructose were
calculated from the chromatographic data.

Results and discussion

Starting raw rocks were investigated by using XRD analysis. The diffraction pattern of the MC
rock is characterized by 12 lines (20 = 6.5; 9.76; 13.44; 13.82; 14.58; 19.6; 22.18; 23.14; 25.6; 26.22;
27.66; 33.12; 35.58), which reflect the presence of mordenite and clinoptilolite phases (Fig. 1). For the C
rock, in addition to clinoptilolite lines, intensive lines of impurity quartz have been observed (Fig. 2).

20
Fig. 1. XRD pattern of MC rock: M — mordenite, ClI - clinoptilolite

Q

Cl

Cl
Cl

0 10 20 30 40 50 60 70 80 90

20
Fig. 2. XRD pattern of C rock: CI — clinoptilolite, Q — quartz

It is known that ion-exchange cations in the Transcarpatian zeolite rocks are represented
predominantly by potassium, sodium, calcium, and magnesium [14, 16]. As a result of modification of
the rocks, the silica to alumina ratio of zeolites was changed. Table 1 shows the corresponding values
established by using XRF analysis.

Table 2 shows the porous characteristics of the catalyst samples calculated from low-temperature
nitrogen adsorption/desorption isotherms. It should be noted that the application of this method for
narrow-porous zeolites, such as clinoptilolite (0.31x0.75 nm, 0.36x0.46 nm, and 0.28x0.47 nm) and
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mordenite (0.67x0.70 nm, 0.29x0.57 nm) [17], is quite limited due to the slow diffusion of nitrogen in
their narrow channels.

Table 1. Silica to alumina ratio in the samples

Sample SiO,/Al,O3 Sample SiO,/Al,O4
C 8.4 MC 9.5
C1 8.8 MC1 18
C3 10.9 MC2 12
C4 13.1
Table 2. Adsorption characteristics of the catalysts
Sample SBET m?/g S, m?g S'micro, M2/ Vs, cm®/g | V'micro, €M%/ | Vimicro/ Vs, %
C 9.6 3.7 5.8 0.016 0.002 13
C-1 131 9.9 121 0.075 0.049 65
C-3 9.2 2.3 6.9 0.013 0.003 24
C-4 89 16.6 72.1 0.031 0.071 42
MC 62 22 40 0.075 0.019 25
MC-1 264 21 243 0.157 0.096 62
MC-2 31 13 18 0.067 0.006 8.8

As can be seen from the data in the table, the specific surface area of the C zeolite and its
polycationic form C-3 is quite low (~ 9 m?/g). Moreover, for C-3 it is even slightly smaller than the
value for the original rock, which may be due to an increase in the radius of cations in the polycationic
form, in particular, the presence of lanthanum cations. After acid treatments (samples C-1 and C-4), the
specific surface area increases by an order of magnitude due to unlocking access to micropores after
partial destruction of the zeolite structure, leaching of impurities, and ion exchange of divalent cations
for a proton. A similar trend of significant increase in BET surface area is observed after acid treatment
of mordenite-clinoptilolite rock. The specific surface area increased from 62 to 264 m?/g, which is close
to the values for synthetic mordenite-type zeolite [18]. At the same time, the content of micropores
increases approximately 5 times. The latter can be caused not only by the removal of structural
aluminum, but also by the replacement of the original cations of sodium, potassium, calcium with a
cation with a smaller radius - a proton [19]. The volume of mesopores also increases.

In the case of modification of MC by isomorphic substitution of framework aluminum atoms
with silicon (sample MC-2), the opposite situation is observed - the specific surface area decreases by
half, and the volume of meso- and micropores also decreases. This occurs, apparently, as a result of the
well-known phenomenon of the formation of extra-framework aluminum structures that remain in the
pores of the zeolite [20].

The mesopore content in the samples, calculated using DFT theory, is summarized in Table 3.
Dealumination with hydrochloric acid contributed to a slight increase in the mesopore volume in the
case of samples MC-1 and C-1, while EDTA treatment (sample C-4) caused a 15-fold increase in the
mesopore volume. Obviously during the treatment of the polycationic form of C-3 with EDTA, partial
dealumination and decationization of the rock with pore expansion occurs. It is interesting that the use of
EDTA contributes to both an increase in microporosity and mesoporosity of the sample, while treatment
with mineral acid only leads to an increase in microporosity (Tables 1 and 3).
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Table 3. Volume of pores (V) with a diameter bigger than 2 nm for unmodified and modified samples
calculated using DFT approaches

Sample V, cm¥/g Sample V, cm¥/g
C 0.003 MC 0.062
C1 0.015 MC1 0.073
C3 0.008 MC2 0.051
C4 0.045

Table 4 shows the concentration of acid centers in the zeolite catalyst samples, measured by
reverse titration with n-butylamine. Obviously, the molecules of the latter (kinetic diameter ~ 0.5 nm)
cannot access the acid sites inside the zeolite micropores of clinoptilolite. Therefore, the values given
refer only to the centers on the outer surface of the catalysts. One can be absolutely sure that glucose
molecules (kinetic diameter about 1 nm [21]) cannot access the centers located deep in the clinoptilolite
structure, to which n-butylamine does not have access. As might be seen from the data in Table 4, the
concentration of acid sites available for the latter in the original C rock and its polycationic form, C-3, is
extremely low. A noticeable increase in the number of acid sites in the C-4 sample is observed after
EDTA treatment. As shown above, the surface area of the sample also increased significantly (Table 2).
The start MC rock contains slightly more acid centers than the C rock. The acid treatment resulted in a
threefold increase in their concentration (sample MC-1), while dealumination by isomorphic substitution
of aluminum (sample MC-2) for silicon reduced it, which is apparently due to the removal of aluminum
necessary for the formation of bridged BAS. But when treating the sample with silicon tetrachloride
under static conditions, aluminum compounds are not removed, and therefore they can be LAS.
However, access to them is difficult, which is confirmed by a decrease in the BET specific surface area
of the sample.

Table 4. Experimental (Cac) and reduced cconcentration (CR4c) of acid sites in zeolite samples according
to the results of titration with n-butylamine

Catalyst Cac, mmol/g CRac, mmol/m? Potential LAS Potential BAS
C 0.07+0.06 0.0184* Na*, K*, Ca?* Weak BAS
C-1 - - Bridge OH-groups
Weak BAS
- * 2+ 3+
C-3 0.04+0.04 0.0173 Ca*, La Bridge OH-groups
Weak BAS
_ ** 2+ 3+
C-4 0.28+0.04 0.031 Ca**, La Bridge OH-groups
MC 0.18+0.1 0.0082* Na*, K*, Ca?* Weak BAS
MC-1 0.53+0.02 0.002** - Bridge OH-groups
Ca®, La™, Weak BAS
MC-2 0.11+0.04 0.085* extraframework Al .
species Bridge OH-groups

* experimental number of sites divided by external surface area, which is accessible for glucose molecules
** experimental number of sites divided by BET surface area, which is accessible for n-butylamine molecules

In the third column of Table 4, the reduced concentration of acid sites of the samples and lists of
potential sources of LAS and BAS were also indicated. The initial forms contain calcium, sodium, and
potassium cations, which compensate the negative charges on the aluminum-oxide tetrahedra. In the
field of polyvalent cations, in this case calcium, the decomposition of a water molecule is possible with
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the formation of a cation (CaOH)" and an acid-bridging OH-group - BAS. Therefore, the original form
uniquely contains both Brensted acid sites and weak Lewis acid sites in the form of mono- and divalent
cations of sodium, potassium, and calcium.

During acid treatment with 4 mol/L hydrochloric acid (sample MC-1), partial dealumination of
the rock and simultaneous decationization with the formation of new BAS occur. Aluminum was mainly
removed from the sample in this case. When treating the C rock with 1.5 mol/l hydrochloric acid, no
significant dealumination occurred. This is confirmed by the small change in silica to alumina ratio
(Table 1), which is apparently caused by the low acid concentration.

When performing isomorphic substitution of aluminum for silicon, the silica to alumina ratio
increases, which, as is known, contributes to an increase in the acidity strength of Brensted sites, which
are formed during ion exchange of native cations for ammonium and followed by thermal decomposition
of the latter. However, further thermal treatment of ammonium forms is accompanied by partial
dehydroxylation and destruction of the zeolite lattice with the formation of extra-framework aluminum,
which acts as a Lewis acid site. In addition, extra-framework aluminum compounds are formed during
the isomorphic substitution procedure itself [20]. This is confirmed by the presence of an absorption
band at 3650 cm in the FTIR spectrum (Fig. 3), which is associated with the formation of Al-OH-AI
groups [22].

Absorbance

L ALEL I R B BNLENLELIL BN B B BN B B BELENLI
3500 3550 3600 3650 3700 3750

-1
Vv, cm

Fig. 3. FTIR spectrum of MC-2 sample in the region of valence vibration of OH-groups

Therefore, when determining the acidity in MC-1 sample by titration with n-butylamine, it is quite
natural that the number of acid sites is significantly greater than in the original rock. And these centers,
which are located in the mesopores, can be partly accessible for glucose molecules, which are bigger than
n-buthylamine molecules. Whereas in the raw rock MC and in MC-2 sample, only the centers of the
external surface of the zeolite and the entrances to the channels are available for glucose conversion.

The polycationic form of C-3 contains about 80 % of the exchange capacity of lanthanum.
However, the significant kinetic radius of the lanthanum cation allows it to enter into the narrow pores of
clinoptilolite-type zeolites only upon destruction of the hydration shell at high temperatures of
hydrothermal ion exchange. At the same time, the entrances to the channels become even narrower, and
the BET surface becomes even smaller (Table 2).

The results of glucose catalytic transformations are presented in Table 5. It is quite natural that
the process of glucose transformation in agueous medium proceeds worse than, for example, in DMSO
[23], and the obtained yields of 5-HMF are significantly lower.

In relation to the number of acid centers and their nature, the obtained data can be interpreted as
follows. In the raw MC rock, there are weaker LAS (sodium, potassium, calcium, and magnesium
cations) than BAS, since the latter are formed only in the interaction with divalent cations.
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Table 5. Glucose conversion (X), 5-HMF vyield (Ynwmr), levulinic acid yield (Yvia), and fructose yield
Yer) On the zeolite samples

Catalyst X, % Y umr,% mol Yia, % mol Yer, % mol

MC 30 10.5 4.4 10.6
MC-1 51 12.0 4.1 4.4
MC-2 60 14.7 4.2 11.9
C 68 13.3 4.0 8.0
C-1 50 11.0 4.1 3.3
C-3 70 18.7 4.3 3.4
C-4 39 13.4 <3.2 9.3

Therefore, part of fructose as an intermediate product of the conversion of glucose into 5-HMF
remains in the products. Weak BAS predominantly convert glucose into humins, as was found in [23].

The MC-1 sample has a lot of BAS, while the number of LAS has decreased because the cations
have been replaced by protons using mineral acid. The extra-framework aluminum is simultaneously
mainly removed from the sample in the form of aluminum chloride. As a result, the degree of glucose
conversion has increased, but the yield of 5-HMF has increased insignificantly (only by 2 %). Therefore,
the main contribution to increase in glucose conversion was made by the formation of humins as by-
products.

On the MC-2 sample, the increase in the BAS strength contributed to an increase in the yield of
HMF by 4 %. However, in this case, the hydrogen form was obtained through the decomposition of the
ammonium form, which caused the formation of extra-framework aluminum, which acts as LAS. In
addition, strong LAS in the form of extra-framework aluminum structures were formed during the
isomorphic substitution procedure itself. Therefore, the fructose yield increased again compared to the
previous sample. However, the contribution of humins is still significant in this case.

The degrees of glucose conversion on the C and C-3 samples are close. However, in the second
sample, the presence of lanthanum increases the contribution of LAS and weak BAS, which are formed
during the decomposition of a water molecule in the La%* force field. As a result, the yield of 5-HMF
increases up to 19 %. On the other hand, in C-1 sample treated with hydrochloric acid, almost all metal
cations were removed, which leads to the depletion of the sample in the LAS. While dealumination
occurred to a small extent, the acidity strength did not change significantly. As a result, it naturally
demonstrates both lower conversion and lower selectivity for 5-HMF.

In the case of C-4 sample with a higher total acidity according to butylamine titration, the same
fructose yield is observed as on the original rock form, which may be due to the potentially larger
number of LAS compared to BAS. However, glucose access to them is limited, so the overall conversion
is low.

Taking into account the approximately comparable yields of levulinic acid on all catalysts, strong
BAS are represented to a negligible extent in the above samples [23].

Therefore, in general, there is a certain correlation between the reduced number of acid sites
titrated with n-butylamine and the activity of the samples in glucose conversion. There is a clear
agreement with the nature of the acid sites caused by different stages of sample modification. The
clearly higher content of 5-HMF yields in samples with the presence of lanthanum and extra-framework
aluminum as strong LAS indicates the implementation of a two-stage scheme of glucose conversion
through its initial isomerization into fructose. The highest yield of humins is observed on samples
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modified with hydrochloric acid with a minimum amount of LAS. It is 85 and 86.4 wt. % for MC-1 and
C-1 samples respectively.

The glucose conversions obtained in this work are not very high (30-70 %). They are lower than
fructose conversions on natural clinoptilolite samples [14] obtained in DMSO medium. However, the
obtained yields of 5-HMF are comparable and even slightly higher than the yields of 5-HMF on
synthetic hydrogen and nickel-containing forms of zeolites Y, M, and ZSM-5 [23], which did not exceed
10-12 %.

Conclusions

Thus, in view of the large size of the glucose molecule compared to the pore size of narrow-pore
natural zeolites, the transformations are realized mainly on the outer surface of the zeolites and at the
entrances to the channels. The degree of glucose conversion and the yield of 5-HMF correlate with the
acidity of the samples, determined by n-butylamine titration, referred to the sample surface area
accessible to glucose molecules. The features of the catalytic conversion of glucose into 5-HMF are in
accordance with the nature of the active sites of the samples and their porous structure. The efficiency of
glucose conversion is significantly influenced by the nature of Lewis acidity, which is represented in the
samples by metal cations and extra-framework aluminum species. The presence of multiply charged
cations, in particular, lanthanum, contributes to a more efficient course of glucose conversion compared
to the raw rocks, in which Lewis acidity is provided by singly and doubly charged cations. The highest
yield of 5-HMF of about 19 % was obtained on the polycationic form of the clinoptilolite with high
lanthanum content. The obtained data confirm the two-stage conversion scheme of glucose on natural
zeolites with the intermediate formation of fructose.
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IlepeTBOpeHHs I1IOKO3M 10 S-riapoxkcumMeTnagpypdypo.ry
HA YKPAIHCHKHX MPUPOAHMUX HEOTiTax

JIoos K. Ilarpuask, Cepriii B. KonoBajsio, Ctenan O. 3y6enko,
Amnxeisa B. fikoBenko, FOQis I'. Borommna, Onexcanapa I1. IlepTko

Tucmumym 6ioopeaniunoi ximii ma nagpmoximii im. B.I1. Kyxapsa Hayionanenoi akaoemii Hayk Yrpainu
eyn. Axademika Kyxaps, 1, Kuis, 02094, Vkpaina, e-mail: Ikpg@ukr.net

BaxmBuM  TpPOAYKTOM TMEPETBOPEHHS BYIJIEBOMIB OioMacH €  S-TigpokcuMeTHndyppyposn sk
MOTeHIIWHUN CHPOBUHHUI KOMIIOHEHT IIMPOKOTO PSNY BaXKIMBUX XIMIYHHUX pedoBHH. MeToro poboTu Oyio
JOCHIDKEHHsI KOHBepcii IIIOKo3W A0  S-rizpokcumetundypdypoidy B MOPHCYTHOCTI MOIU(IKOBaHHX
KIMHONTUIONITOBOI Ta MOPACHIT-KIMHONTHIIONITOBOT HEOomiTOBUX mopig 3akapnaTta. CHHTE30BaHO Pl
KHCIIOTHUX KaTaJi3aTOpiB NUIIXOM piakoda3sHOro ioHHOTO OOMiHY HATHBHUX KAaTiOHIB HA KaTiOHHM KaJbIIifo,
JMAHTaHY Ta aMOHIIO, @ TAKOXK MUIIXOM JCaFOMIHyBaHHS XJIOPHIHOK Ta €THJICHIaMiHTETPAOUTBOK KHUCIOTOIO.
OxapakTepu30BaHO iX BJIACTHBOCTI 332 IOTIOMOTOK) PEHTI'CHO-(PA30BOr0 Ta PEHTICHOMIYOPUCIICHTHOTO aHali3y,
HU3BKOTEMIIEpaTypHOi aacopOrii/aecopOirii a3ory ta [U-criekTpockortii. 3aiiCHEHO OIIHKY KHUCIIOTHOCTI 3pa3KiB
3a TUTPYBaHHAM 3 H-OyTminaminoMm. KucioTHa o6poOka 3pa3kiB Cpusiia 3pOCTaHHIO MATOMOI TIOBEPXHI 3pa3KiB
HAa TOpSAAOK. 3pa3kum  BUMNpoOyBaHO y  TmepeTBOpeHHI 9%  BOXHOIO  pPO3YMHY  TJIOKO3H  JIO
5-rigpokcumetrwigypdypoiny. Ckiaan MpOIyKTIB peakilii aHami3yBajld 3a JOMOMOIOI ra3oBoi Xxpomarorpadii.
Byno po3paxoBaHo KOHBepcii TIIIOKO3W Ta BHXOMU S-TimpokcuMeTmndypdhypoily, JeByITiHOBI KHCIOTH Ta
¢pykrozn. Kousepcii rmokoszn ckmamu Big 30 go 70 %. PesympTaTen mpoaHamizoBaHO Y BiMMOBIAHOCTI 0
0c00IMBOCTEH MPHUPOIN aKTUBHHUX LIEHTPIB Ta MOPHCTOI CTPYKTYpH KartamizatopiB. BcraHoBieHo, 1o Haiikparii
BUXOIHU S-TimpokcuMeTrnhyphypory XapakTepHi Uil 3pa3KiB i3 HASBHICTIO JIBFOICOBUX KHUCIOTHHX IIEHTPIB Y
BUTJIA/II TTO3aKAPKACHOTO aIOMIHIIO0 Ta Oarato3apsmHuX KaTioHiB. OCKiIbKU MEPETBOPEHHS TIIIOKO3M Tepedirae
MEepeBaXHO Ha 30BHIIIHIN MOBEPXHi [EONITHUX KPHCTANB Ta Y BXOAaX Y MOPOXHUHH, TO TOJIKaTiOHHa (opma
KIMHONTWIONITY,  HE3BaKaloul  Ha 11  HU3BKY  IOPUCTICTh,  JEMOHCTPYE  HAWBHIIMHA  BHXIilI
S-rigpoxcumeTnnPypPypoary.

Knwouoei cnosa: npupoiHi EONITH, KUCIOTHI IEHTPH, S-TiapokcuMeTHAPypdypos, KOHBEPCis TIIIOKO3U
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The creation of oxide two-component systems based on TiO; rutile was studied. Influence of ultrasound
treatment (UST) of these mixtures on their properties was established. The mixtures treatment less influences on
the ratio of intensity of (110)/(101) reflexes of TiO, what testify any structural change of this oxide but in same
time little increase of its particles size was observed. The little increase of the dimension particles for second
oxide after UST for the studied mixtures excluding TiO2/MgO and TiO./ZnO was observed. The partial
transformation of MgO to Mg(OH); as result of TiO./MgO composition treatment was shown which accompanied
by decrease of MgO particles size. In the case of TiO./ZnO composition the partial destruction of ZnO was
observed. The increase of the pores radius after UST with the change of surface element ratio determined by EDX
method can testify that strong interaction between oxides takes place. This fact leads to an increase the band gap
for the mixture in comparison with initial TiO, with its average value between characteristic for TiO, and other
oxide in mixture. The study of photocatalytic properties of the samples in metronidazole (MN) oxidative
decomposition in water shows that for all compositions, excluding TiO»/ZnO where the activity is connected with
more active ZnO in this reaction but not TiO,, a decrease of initial rate constant Ky was observed. The reduction
of rate constant was connected with a decrease of TiO, content in the mixtures and introduced value of rate
constant determined to quantity of TiO, demonstrate its increase in comparison to individual TiO..This fact testify
the strong interaction in complexes systems between two oxides. Obtained result permits to realize the MN
photocatalytic degradation in water with an increase of the complexes catalyst content in reaction mixture what
leads to an increase both rate constant and degree of antibiotic transformation. It was established that UST
increased the stability of the samples in MN transformation and as result the conversion of MN has more value
than in initial mixtures. An increase of degradation degree after UST of the samples correlates with the growth of
medium pore radius in result of this treatment what can be connected with an increase of sample surface
accessible to UV irradiation. It was shown that obtained composites demonstrate better properties in MN
destruction in water in comparison with data known from the literature.

Keywords: complex oxide compositions, ultrasonic treatment, photocatalysis, metronidazole destruction

Introduction

Due to increase of the use of pharmaceuticals and drugs, the problem of effective wastewater
purification is becoming more and more urgent. Their pollutions in water are the main problem that must
be constantly solved. For the present time, several different types of emerging contaminants in water
systems are known as new environmental hazards those need to be neutralized by appropriate methods
[1-3]. One from such dangerous pollutants is metronidazole (2-methyl-5-nitroimidazole-1-ethanol, MN)
which has been widely used to treat infections caused by anaerobic bacteria, bacteroides and protozoa.
Since MN is non biodegradable and highly soluble in water, it can be accumulate in the aquatic
environment [4]. Elimination of MN from water system is an important issue considering its toxicity,
potential mutagenicity and carcinogenity [5, 6]. Decontamination of harmful substances in the water
environment by the method of photocatalysis is the most promising means at present [7-10]. Successful
use of this method is connected with availability and creation of highly efficient photocatalysts, which
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can be nanosized oxides of transition metals and systems based on them. From the point of view of
practical application, the well-known best photocatalysts based on ZnO and TiO, last is one of the most
widely studied semiconductors (n-type) due to its low cost, abundant resource, high photocatalytic
activity, chemically and mechanically stable under ultraviolet (UV) irradiation, is not a toxic substance,
and has industrial availability. Titanium dioxide can exist in eight crystalline polymorphs, of which only
three, i.e. rutile (tetragonal), anatase (tetragonal) and brookite (orthorhombic), are naturally occurring
[11]. In the most cases rutile phase as photocatalyst shows lower photocatalytic activity than anatase
phase [12-14], but also it was shown, that TiO> rutile demonstrates high photoactivity in such processes
as water splitting, destruction of dyes, various organic and pharmaceutical substances [13-16]. The
preparation of this oxide by various methods and introduction of different additions permits to increase
its catalytic performance.

Methods of synthesis of complexes catalysts on the TiO, base such as homogeneous co-
precipitation, pyrolysis of salt solutions, compatible hydrolysis of salts, hydrothermal method, etc., do
not always guarantee obtaining the final material with the necessary physicochemical and photocatalytic
characteristics. So perspective to obtain the photocatalysts with improved characteristics is connected
with alternative synthesis use [17, 18]. One of alternative method with influence on the properties of
synthesized photocatalysts can be ultrasonic treatment or sonochemistry (UST) [19-24]. With minimal
energy consumption, low emissions and intensification of the process, this synthesis method allows
obtaining composite nanomaterials with high catalytic activity in various reactions [25-27].

In this study was examined the influence of UST on the physical-chemical and photocatalytic
properties of semiconductor mixtures based on TiO> rutile with the addition of other oxide (ZnO, ZrO,
MgO, SnO2, Nb20s). Photocatalytic properties of the samples were determined in the photodestruction
of metronidazole.

Experiment

Equimolar mixtures of TiO2/Zn0O, TiO2/ZrO2, TiO2/MgO, TiO2/SnO2, TiO2/Nb2Os with a ratio of
1:1 were prepared from oxides TiOz (pfa), ZnO (p), ZrO2 (p), MgO (pfa), SnO2 (p), Nb20s (p). UST of
oxide mixture composites was carried out on an ultrasonic generator “Titan ultrasonic” (Made in
Ukraine) with a power of 80 W, a frequency of 20 kHz and a processed volume of 50 ml. For the
synthesis, 5 g of the mixture and 40 ml of water were taken. Time of treatment was 1 h, only in case of
TiO2/ZnO mixture it was 0.5 h. After UST, the samples were dried in an air atmosphere at 120 °C, 1 h.

Physical-chemical properties of the initial and obtained samples were investigated by the
following methods. Textural parameters, namely the specific surface area and sizes of pores were
determined in the course of low-temperature adsorption-desorption of nitrogen by using a Quantachrome
NOVA-2200e Gas Sorption Analyzer. Structural analysis was carried out by the method of powder
X-ray (XRD) on a DRON-3M diffractometer using CuKa radiation with a wavelength of 1.5418 A with
scanning in the range of 20 angles 15-90°. Calculation of the distances (d, nm) between the planes from
the obtained X-ray patterns of the samples was carried out according to the Wolf-Bragg formula:
d =nA/2sin0, the crystallite size (L, nm) was calculated using the X-ray line width method, which is
based on the Debye-Scherrer formula: L = kA/BcosO. The obtained diffractograms were analyzed by
using the JCPDS electronic database. The surface morphology of samples was investigated by scanning
electron microscopy (SEM) on a Tescan Vega 3 LMU electron microscope with two detectors SE
(“secondary electron” mode). Determination of the quantitative integral composition of the sample and
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distribution of elements on the surface was investigated using an Oxford Instruments Aztec energy
dispersive X-ray microanalyzer with a ONE X-MaxN20 detector.

The photocatalytic properties of the samples were investigated in the destruction of
metronidazole (AC “Lubnyfarm”, NUA/6538/01/01, code ATX J01XDO01) with its concentration in
water equal to 0.015 g/l under ultraviolet irradiation (UV irradiation) using Optima high-pressure
mercury lamp with a power of 125 W, which emits only in the UV part of the spectrum with A = 365 nm.
The study of photodegradation of the antibiotic was carried out under ambient conditions in a glass
beaker with a working solution of 300 ml and a weight of catalyst 0.15 g (concentration of catalyst was
equal 0.5¢9/l). To achieve equilibrium, the MN adsorption the solution was stirred without UV
irradiation during 1 h. The total duration of the photocatalytic destruction process was 5 h with constant
stirring. To determine the photocatalytic activity of the synthesized composites, the optical density (D)
of the solutions was measured over a certain time (each 1 h of the process) using a Shimadzu UV-2450
UV-Vis spectrometer in the wavelength range of 200-500 nm. From the obtained data the degradation
rate constant (Kq) was calculated for each studied catalyst samples from the curves of dependence of
In(D/Do) on time according to the formula: Kg = In(D/Do)/At. The degree of photocatalytic efficiency (G)
was determined according to the formula: G = (Co-C)/Cox100 = (Do-D)/Dox100, where Co is the initial
concentration of MN in the solution, C is the concentration of MN in the solution at a certain time, Do is
the initial absorbance of MN in the solution (when t =0 min) and D is the absorbance after certain time
of MN photodegradation at the corresponding Amax. Band gap energy values were determined using the
Kubelka-Munk phenomenological theory under the assumption of an indirect band gap. Using the
method of electron spectroscopy (ES), the band gap energy (Eg) was determined, which was calculated
from the absorption band using the formula: Eq = hc/Ao, where h is Planck’s constant (4.135-107%° eVs);
c is the speed of light (3-108 m/s); Ao is the wavelength corresponding to the value of the absorption
edge.

Results and discussion

The structural characteristics of the synthesized composites were analyzed by X-ray diffraction.
The diffractograms of initial mixtures (Fig. 1) show that the samples have a crystalline structure and
their main reflections correspond to the phases of oxides that included in their composition (TiO>
JCPDS 88-1175, ZrO, JCPDS 37- 1484, MgO JCPDS 45-946, SnO, JCPDS 41-1445, ZnO JCPDS 36-1451,
Nb2Os JCPDS 30-0873). On the diffractograms of all oxide mixtures, titanium dioxide has two main
reflections from (110) and (101) planes at 26 = 27.4° and 36.17°, which correspond to the rutile phase
[12, 16, 28]. It was established that UST of the initial mixtures leads to an increases their reflexes
intensity practically for all compositions excluding TiO2/MgO. In same time for all samples, the ratio
intensity of reflexes of TiO2 (110)/(101) planes less changed after UST and is equal to 2.0-2.1. The
exception is the TiO2/ZnO samples (Fig. 1 d) where the ratio intensity reflexes (110)/(101) for initial
mixture is equal to 0.42 which is connected with superposition of two reflexes of (101) plane at
20 =36.17 (TiO2) and 36.29° (ZnO). In result of UST, this ratio increases up to 0.66 which can be
connected with partial destruction of ZnO. Evidence in favor of ZnO destruction is two facts: i) the
intensity of (110) TiO: reflection after UST increases in 1.2 times but the intensity of (100) ZnO
(26 = 31.82°) decreases in 1.3 times, ii) all other individual reflexes of TiO. increase their intensity but
ZnO vise versa decreases. For the other compositions, UST leads to the intensity increase of the reflexes
for both oxides, not only TiO> but other introduced oxide (Fig. 1 a, b, c).
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The TiO2/MgO composition in a manner stands alone. For TiOg, therefore, as other cases, the
intensity of its reflexes increases after UST and the ratio of intensity (110)/(101) planes rests without
change (equal to 2.1). In same case the appearance of some new reflexes (Fig. 1 €) at 20 = 18.81, 38.17
and 50.98° which correspond to (001), (101), (102) planes of Mg(OH)2 [31] (JCPDS 84-2163) and a
decrease of MgO reflexes intensity can be observed. So, as result of water presence in UST, the partial
transformation of MgO to Mg(OH). proceeds.

The calculation of TiO> particles sizes shown in full correspondence with an intensity increase of
its reflexes for all studied samples some increase of the particles dimension (Table 1) after UST. Also
for the ZrO2, Nb2Os and SnO> can be observed a little increase of the particles dimensions after UST

(Table 1). In the case of ZnO and MgO in accordance with analysis presented above, a decrease of
particles size was observed.

= 3600 -

400 4

= *r-TiO, 5 * - TiO, b=} *1- TiO,
- »
¢ m-Z10, 2680 - *-Nb,0, 690 - LT S0,
307 = Ti0,/Zr0 = ;
= I r = i .
= rio;zco, oo | = TiO N0, ) Ti0,/5n0,
E o - UST Ih 460 g UST1h
1440 -
E
g S 230 4 ] =1
720 R g ﬁ - o
3 S &80 o =
- i e JELLE
) . .
00 e e e 3600 . n Hoert 0 A ) !
2880 4 =
3004 = 6901 g
21007 TiO,/Nb,0 -
- f I .
200 = Tio/zro, 2702 460 - . Tio,/Sno,
3 g
1440 ]
1004 g = = 2304 g
720 = § 8 o ¥
k 8 &= #% % g S888 § ®©
g ® 3 8 3l g8 § 2
0 —_—————————— 0 o e b b e, 0 ool ,}“,“‘j,* L
0 20 30 40 5 60 70 80 0 2 3 4 50 60 70 8 0 20 30 40 5 60 70 80
20 20 20
1240 1 ] 480 _
*r-TiO, *-TiO,
s *-2Zn0 A-MgO
930 H 360+ * - Mg(OH),
= ;
a0l 72 TiO,/ZnO 2404 )
N - USTO05h . Tio,MgO
g 2 g
3 s 5L B 7 UST 1h
s 5 2= 7
310 s 5 ST 1204 |
= @ * %
* = T
.
480 e
930 4 360
620 4 TiO,/ZnO 240 =
ERR Tio,/MgO
310 1204 g §
H g8
[S— l h }l\ A A
0 Y T T T T T T T T
20 30 40 50 60 70 80 90 20 30 40 50 60 70 8 90
20 20

Fig. 1. Diffractograms of initial oxide mixtures and after UST

Analysis of nitrogen sorption-desorption isotherms shows that all composites are low porous, for
example, two compositions and initial TiO2 presented in Fig. 2 and UST less influence on the type of
isotherms. According to Brunauer’s classification, adsorption isotherms belong to type Ill, when the
energy released during the formation of a monolayer is little different from the energy of multilayer
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adsorption and the force of attraction between adsorbed molecules and the adsorbent surface is less than
the force of interaction between adsorbed molecules. By the type of hysteresis loops, it can be assumed
that the pores have a wedge-shaped shape with open ends.

Table 1. Some physical-chemical properties of the studied compositions

Sample ___ L% nm SSA, m?/g Vm, cm3/g Rm, nm
TiO; MeO ’ ’ '
TiO; (initial) 55 - 12.0 0.20 313
TiO2/ZrO; (initial) 52 33 7.0 0.05 13.8
TiO2/ZrO»-(UST) 56 34 7.5 0.09 23.4
Ti0,/ZnO (initial) 46 46 8.0 0.10 8.2
Ti0,/ZnO (UST) 49 41 6.0 0.06 12.3
Ti0,/SnO; (initial) 52 50 5.0 0.02 195
TiO2/Sn0O; (UST) 58 55 6.0 0.04 21.2
Ti0,/Nb,Os (initial) 48 50 105 0.15 138
TiO2/Nb,Os (UST) 53 55 15.0 0.28 19.7
TiO2/MgO (initial) 50 39 9.0 0.12 28.2
TiO/MgO (UST) 56 21 (9)** 15.0 0.28 33.7

* L — the average size of crystallites calculated according to Debye-Scherrer’s equation
** The average size of formed MgOH presented in parentheses
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Fig. 2. Nitrogen adsorption-desorption isotherms obtained at 20 °C for TiO, and some oxides
compositions
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The data presented in Table 1 show that the specific surface area (SSA) of the initial mixture is
less than in initial TiO2 what is connected with low values SSA of other oxides introduced in mixtures.
UST little influenced on SSA and its value is increased only in the case of TiO2/Nb2Os and TiO2/MgO
compositions. Analogous in the case of these compositions, the increase of total pores volume is
observed that can be connected with partial agglomeration and formation of secondary porous systems
[30-32].

The study of the composites by SEM method in full accordance with XRD data show the less
change in surface morphology of the samples and particles dimensions in result of UST (some
characteristic results presented in Fig. 3). In contrary the results of EDX analysis demonstrate the UST
influence on the elements ratio in surface layer of the samples (some results presented in Fig. 4 and full
data in Table 2). From the data presented in Table 2 can be observed that for initial mixtures determined
by EDX ratio of the elements less differs from calculated value at their preparation. Three variants of the
UST influence on the elements ratio in surface layer of the samples were observed (Table 2 and Fig. 4):
practically any influence of treatment on components ratio [TiO2/SnO2 and TiO2/Nb20s (EDX spectrum
for the last presented on Fig. 4 a)], a decreases of surface ratio as a result of treatment [TiO2/ZnO and
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TiO2/MgO (EDX spectrum for the last presented on Fig. 4 b)], an increase of the surface ratio as
treatment result (TiO2/ZrO,, EDX spectrum presented on Fig. 4 c).

C
Fig. 3. SEM micrographs of the samples TiO2/ZnO (a, b) and TiO2/Nb2Os (c, d). Initial mixtures (a, c),
samples after UST (b, d)
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Fig. 4. EDX analysis of the samples after UST: a — TiO2/Nb20s, b — TiO2/MgO, ¢ — TiO2/ZrO>

Table 2. Surface and photocatalytic properties of the studied compositions

Sample Vl\fe[?g)?’ﬂ:r rléa/(l)i Ey eV Kg 103 st Karioz)*™ 103, st | G*** %
TiO, (initial) - 3.00 0.12 0.12 56.0
Ti0,/ZrO; (initial) 0.54 (0.53) 3.8 0.06 0.15 55.8
TiO,/ZrO,~(UST) 0.63 3.19 0.09 0.23 76.8
Ti0,/ZnO (initial) 0.69 (0.73) 3.20 0.23 0.46 98.0
TiO2/ZnO (UST) 0.41 3.16 0.25 0.51 98.5
TiO,/SnO;, (initial) 0.40 (0.38) 3.20 0.05 0.14 77.1
TiO,/SnO, (UST) 0.42 3.20 0.05 0.14 80.4
Ti0,/Nb,Os (initial) 0.29 (0.25) 3.32 0.04 0.22 65.0
TiO2/Nb,Os (UST) 0.32 3.31 0.04 0.22 68.7
TiO,/MgO (initial) 1.87 (1,98) 3.04 0.07 0.11 84.0
Ti0,/MgO (UST) 0.76 3.04 0.08 0.12 89.7

* ratio of the elements according preparation is in parentheses
** rate constant determined on quantity of TiO; in the sample
*** degradation degree of MN after 5 h photocatalytic reaction

Hence, the results obtained by EDX analysis show that UST of oxide mixtures in the most cases
leads to migration of the elements from surface layer in the bulk of oxide without change their phase
composition (the formation of new phases don’t take place according XRD data). Analogous effect of
the elements migration was observed early [18, 25, 33-34] at UST and mechanochemical treatment of
the other oxides mixtures. It is necessary to note that the decrease of the titanium surface content as
result of treatment was observed in cases of TiO2/MgO and TiO2/ZnO oxides mixtures use. This fact can
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be explained by partial dissolving of MgO with formation (see XRD data) of Mg(OH). and for ZnO was
proposed its partial solution with formation of Zn(OH)., also, for example the formation of zinc
molybdates by UST and by hydrothermal method from ZnO/MoO3z mixture [33, 35]. In our case, the
formation of Zn(OH). compound was not determined that permits to proposed its little quantity which
cannot be detected by XRD method. These hydroxide compounds cover the surface of TiO: that
accompanied by the decrease of Ti/Me surface ratio and in the case of XRD fixed Mg(OH): this decline
is more senses than for ZnO (Table 2). In other cases, UST leads to the mixing of the oxides with any
effect on surface ratio of oxides or with little increase of TiO> surface content.

It is well known that band gap energy (Eg) is an important parameter of semiconductor materials
especially at their use as photocatalysts in different processes. The data presented in Table 2 demonstrate
that only in the case of TiO2/MgO composition, where TiO2 was mixing with photo catalytically inert
oxide (MgO) [36], the Eq value rests equal to rutile. In case of other mixtures, an increase of Eq was
observed. For TiO2/ZnO and TiO2/Nb2Os composites, Eg value is equal to second oxide but not TiO>
(Table 2). For TiO2/ZrO2 and TiO2/SnO2 mixtures, Eq exhibits the intermediate value between TiO; and
second oxide. The presented in Table 2 data demonstrate that UST less influences on Eg values. The last
fact can be connected with minor changes in dimension particles after UST. At same time, the first step
of the mixtures preparation connected with their mixing in agate mortar influences on the properties of
obtained compositions as result of strong contact between different oxides particles creation [36].

The observed values of E4 predicts that the prepared samples will exhibit low photocatalytic
activity in MN photodestruction under visible light irradiation and obtained data show that in reality
photodestruction rate constant (Kg) in best case (TiO2/ZnO) has value equal to 4-10°s? and
photodestruction degree (G) is 12 % after 5 h of reaction. As result, the photocatalytic activity of
synthesized samples in MN decomposition in water was determined at UV-light irradiation and all
obtained data are presented in Table 2. It can be seen that the rate constant and photo destruction degree
at UV- light irradiation have larger values than at Vis-irradiation for all samples.

In the other hand, an increase of rate constant value in comparison to individual TiO> was
observed in the case of the TiO2/ZnO compositions use. This fact can be connected with higher activity
of ZnO in MN photocatalytic degradation determined previously [37-39]. It was shown that this process
in the equal conditions in the presence of ZnO different modifications proceeds with rate constant
Kg =0.16-0.27-102 st and this value is in 1.6-3.4 times higher that obtained for TiO [37, 38]. UST has
less influence on the value of rate constant of MN photocatalytic degradation in the presence of the
synthesized samples: it some increase observed in case of TiO2/ZrOz, TiO2/ZnO and TiO2/MgO
compositions, this value is unchanged in case of TiO2/SnO and TiO2/Nb2Os composition.

In same time, it is necessary to note that preparation of the mixtures containing two oxides leads
to decrease of the photocatalytic active TiO. content in the samples. This fact demonstrates the data
EDX presented in Table 2. So, the quantity of active catalyst (TiO2) at use the same content of
composition (0.5 g/l) as catalyst in reaction mixture decreases. In this sense there is an exception,
TiO2/ZnO mixture where the more photoactive in this process oxide (ZnQO) [37, 38] was introduced in
composition. It is known [37, 38] that a decrease of TiO> quantity in reaction MN photocatalytic
degradation accompanied by a decrease of the value rate constant in 1.6-2.0 times. The realized in this
work investigation with decreases of TiO2 content from 0.5 up to 0.25 g/l shows the decrease of rate
constant from 0.12 up to 0.07-1072 s also. From this point of view, it was interesting to determine what
the dilution of photoactive oxide TiO, by introduction of second oxide (a decrease of TiO. quantity)
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influences on catalytic activity of the composition. The calculation of the value of rate constant refers to
quantity of TiO2 in the compositions (Kqrio2)) was realized and the obtained data presented in Table 2.

The presented in Table 2 results demonstrate that for the all compositions excluding TiO2/MgO the
values Kqrioz) are more than for individual TiO2. In case of the TiO2/MgO composition, Kqioz) is equal
the value obtained for TiO. what permits concludes that the photo catalytically inert oxide MgO [36] only
dilute active titania without other influence on its properties. For the other compositions including
TiO2/Zn0, an increase of Kqrioz) values in comparison to data of TiO is observed that can testify the
presence of strong interaction between two oxides. This conception confirmed by an increase of band gap
width in these compositions (Table 2) in contrary to TiO2/MgO. As result of the possibility of separation of
electrons and holes expands [36] which accompanied by an increase of Kqrioz). The system stands apart is
TiO2/ZnO where the growth of activity is connected with the presence of ZnO in composition (see above).
It is necessary to note that value rate constant of photocatalytic degradation of MN on TiO2/ZnO refers to
quantity of ZnO in mixture is equal to presented data for Kqioz) (0.46 and 0.50-107% s, respectively, for
initial and after UST mixtures). These data exceed the values of constant rate of MN degradation
characteristic for individual ZnO (see above). So, it can by testify that in this composition the influence of
one oxide on the other has place too.

The data presented in Table 2 demonstrate that for practically all two components catalysts the
degree of MN degradation has more value that for individual TiO2. This data show advantages of the use
these mixtures in the removal of MN from water as result of photocatalytic process. The best results were
obtained at utilization of TiO2/ZnO and TiO2/MgO compositions.

The obtained results let to make an assumption connected with quantity of the catalyst in reaction
mixture at MN photodegradation. Literature data [37, 38] show that an increase of the catalyst content up
to 1 g/l accompanied by decrease of rate constant of MN photocatalytic degradation. In used mixtures the
quantity of photoactive component in the most cases is near 50 % and it was interesting to study what an
increase of the catalyst contain will be influence of rate constant. It was used two compositions after UST:
TiO2/ZrO; and TiO2/ZnO. The obtained results show that in both cases the value of Kg increases: for the
first composition up to 0.17-10° s and for second — up to 0.38-103 s but the Kqcrioz) rests practically
without change — 0.22-1073 s* for first composition and decreases for second — 0.40-1073 s, In same time
the high degree of MN degradation (near 99 %) was obtained after shorter reaction time 3.5 and 2 h,
respectively, for TiO2/ZrO. and TiO2/ZnO UST compositions. Thus, obtained result shows the perspective
of the two components photocatalysts use and their UST.

The comparison of the photoactivity samples (Kq) in MN decomposition with their specific surface
area and total pores volume data shows any connection between these parameters. In the other hand, the
results presented on Fig. 5 a, demonstrate that rate constant of MN photodecomposition increases with
increase of medium pores diameter. Separately located samples of TiO2/ZnO compositions which activity
was determined as connected with the presence of ZnO but not TiO», as for other oxide compositions. In
same time it is necessary to note that for these TiO2/ZnO samples an increase of Kq with growth of pores
diameter observed, also. This correlation can be explained by an increase of sample surface area accessible
to UV irradiation with growth of pores diameter analogously to presented in [36]. In same time these data
shown positive effect of UST which leads to an increase of pores diameter (Table 1) and correspondingly
to an increase of the samples photocatalytic activity (Kq) in MN oxidative decomposition.

On the other hand, the data presented on Fig.5b shows that photocatalytic activity of the
samples (Kq) in the process of MN destruction is decreased with an increase of band gap energy values
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of the compositions. Analogous relations are traditional in the case of photocatalytic processes. In this
case, also, the sample of TiO2/ZnO compositions located separately for same reason described below.

The data connected with the obtained degree MN decomposition attract attention because they
demonstrate the positive effect of UST. In all cases this treatment permits to obtain the more value G
(Table 2) than for initial oxides mixtures. It can demonstrate more stability of the compositions after
treatment in the process of MN photodestruction and low influence of time reaction and change of MN
concentration on their photocatalytic activity.
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Fig. 5. The dependence of rate constant of MN decomposition in its photocatalytic removal in water
from average radius (Rm) of the oxides compositions (a) and determined band gap energy values for
these samples (b)

Conclusions

The creation of oxide two-component systems based on rutile TiO2 was studied. Influence of
ultrasound treatment of these mixtures on their properties was established. It was shown that
introduction of the second oxide accompanied by a decrease of the reflexes TiO> intensity as a result of
its content decreases in the mixtures. The treatment of the mixtures less influence on the ratio of
intensity of (110)/(101) reflexes of TiO2 what testify any structural change of this oxide but in same time
little increase of its particles size was observed. The partial increase of the dimension particles for
second oxide after UST for the studied mixtures excluding TiO2/MgO and TiO2/ZnO was observed also.
The partial transformation of MgO to Mg(OH)2 as result of TiO2/MgO composition treatment was
shown which accompanied by decreases of MgO particles size. In case of TiO2/ZnO composition
according XRD data as result of UST the partial destruction of ZnO was observed.

The changes in specific surface area and pores volume after preliminary processing in agate
mortar and as result of UST with an increase of medium pores radius after ultrasound treatment with the
change of surface element ratio determined by EDX method can testify that strong interaction between
oxides takes place. This fact leads to an increase the band gap for the mixture in comparison with initial
TiO with its average value between characteristic for TiO2 and other oxide in mixture.

The study of photocatalytic properties of the samples in MN oxidative decomposition in water
shows that for all compositions, excluding TiO2/ZnO where the activity is connected with more active
ZnO in this reaction but not TiO,, a decrease of initial rate constant Kq was observed. The rate constant
of MN photodegradation was connected with a decrease of TiO> content in the mixtures and introduced
value of rate constant determined to quantity of TiO. demonstrate its increase in comparison to
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individual TiO». This fact is a consequence of strong interaction in complexes systems between two
oxides. Obtained results permit to predict and realized the MN photocatalytic degradation in water with
an increase of the complexes catalyst content in reaction mixture what leads to an increase both rate
constant and degree of MN transformation. It was established that UST increased the stability of the
samples in MN transformation and as result the conversion of MN has more value than in initial
mixtures.

An increase of MN degradation degree after UST correlates with the growth of medium pore
radius in result of UST what can be connected with an increase of sample surface accessible to UV
irradiation. It was shown that obtained samples demonstrate better properties in MN destruction in water
in comparison with data known from the literature. So, the perspective of complex oxide compositions
creation on the base of one known photocatalyst and use of UST were shown.
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BuBYeHO CTBOpEHHS OKCHAHUX JBOKOMIIOHEHTHHX CHCTeM Ha OCHOBI pytuny TiO,. BcranoBneHo BIvB
ynbTpa3BykoBoi 06pobku (Y30) Ha BIacTUBOCTI MaHWX KOMMO3WTiB. [lokazano, mo maHa oO6poOKa cyMirnei Majo
BIUTMBA€E HA iXHI CTPYKTYpHI XapaKTEepUCTHKH, a came, Ha criBBigHOmeHHs inTeHcuBHOCTI (110)/(101) pedekcis
TiO», ane B TOM xe Yac CHOCTEpIiracThcsi HE3HAYHE 30UTBIICHHS PO3MIipy HOro YacTHHOK. [[yisi mpyroro okcumy
TaKOXX BiZOYBA€THCS HEBEIHMKE 3POCTAHHS PO3Mipy HOro 4actHHOK B pe3ynbrati Y30, BukimodeHusM € Ti0/MgO
ta TiO2/ZnO 3pasku. I[lokazano, mo B pe3ynbrari 00podkm TiOx/MgO cymimi BimOyBacThCS YaCTKOBE
neperBopeHHs MgO y Mg(OH),, sike cympoBOIKYeTbCS 3MEHIICHHSM po3Mmipy MgO uacTHHOK. Y BHUIAAKy
TiO2/ZnO cymii cioctepiraeTbesi YacTkoBe pyiiHyBanHs ZnO sk pe3ynbTat ¥Y30.

Beranosneno, mo Y30 cnpusie 30UTBIIEHAIO CEPEIHBOTO PAJiyCy TOp KOMIO3HUIlH OHOYACHO 31 3MiHOIO
MOBEPXHEBOTO CITIBBIIHOIICHHS €JICMEHTIB, BH3HaueHOro EJIA MeTomoMm, M0 MOXKE CBITYUTH TPO CHIIBHY
B3a€EMOJIII0 MK OKCHJIaMU B cyMmimni. Januii (hakT Beae A0 3pOCTaHHs 3HAYCHHS €Heprii MMpPUHHA 3a00pOHEHOT 30HH
(Eg) okcumnoi cuctemu y mopiBHsAHHI 3 BuximauM TiO,. [Ipm oMy, y OinbmmocTi BHUIAAKiB 3Ha4deHHs Eg Mae
CepeIHIO BETMYMHY MK IIOKa3HUKOM XapaKTePHUM JUTS TIOKCHIY THTaHY Ta iHIIOTO OKCHIY B 3pasKy.

HocmipkeHHss  QOTOKATAITHYHUX —BJIACTUBOCTEH 3pa3KiB B MPOLECi OKUCIIOBAJIBHOI  Jierpanartii
MeTpoHinazony (MH) y Bozi moka3yroTh, 0 IS BCiX KOMITO3UTIB CIIOCTEPIraeThCs 3HIKEHHS 3HAYeHb KOHCTAHTH
mBuakocti Ky, Buximouennsam € TiO2/ZnO cucrema, GOTOAKTHBHICT SKOI TOB’si3aHa 3 Oinbin akTUBHUM ZnO B
naHii peakuii, ae He 3 TiO». [lapinas 3HadeHs Kg MokHa mosicHUTH 3HIDKeHHSAM BMicTy TiO y cymimax i gaHuid
MOKa3HUK BH3HAYAETHCS KUTBKICTIO PYTWIIY B HUX, a BBelleHe 3HaueHHsS Kyrioz), ke BU3HaUeHe Juisi KibkocTi TiOx,
JEeMOHCTPYE 1i MiABUIIEHHS y OPiBHSAHHI 3 iHAMBiAYyanbHUM Ti0,. lanuit GpakT CBiAYMTH PO CUIIbHY B3a€EMOJIIO B
CKJIaaHuX cucteMax. OnepikaHuil pe3yspTaT (miaBuiieHe 3HaueHHs Kqrioz) A1 KOMIO3UTIB, y nopiBHsHHI 3 TiOy)
JI03BOJIMB peaizyBatu (oroaecTpykiito MH y BogHOMY cepefioBHIIli i3 OUIBIINM BMICTOM CKJIaTHOTO KaTaji3aropa
B peaKIIiifHii CyMilii, 110 Belle A0 3pPOCTaHHS 3HauYeHbh KOHCTAHTH IIBUAKOCTI Ta CTYNEHIO NECTPYKIIii aHTHOIOTHKY.
Bceranosneno, mo Y30 mertox miaBUIIMB cTaOLTbHICTH 3pa3kiB y mporueci nmeperBopenHs MH i, sik pesynbrart,
KOHBEPCIisi aHTHOIOTHKA Ma€ OB 3HAYSHHS, HIXK JIJIS1 BUX1THUX CyMiIlIeii.

[TixpuiienHs 3HaveHb crynento aerpanamnii MH mis Y30 3pa3kiB KOPEIHOETHCS 13 3pOCTAHHSAM CEPEIHBOTO
pamiycy Top B HHX, IO MOXe OYTH TIOB’si3aHO 13 30UIBIIEHHSM I1XHBOI IOBEpXHI, SKa JMAOCTYIHA JUIS
Y®-onpominenns. [lokazaHo, M0 ojep:kaHi KOMIO3UTH JIEMOHCTPYIOTh Kpallli BIAcTHUBOCTI B jaecTpykuii MH y
BOJIi y TOPIBHSIHHI 3 BIJIOMUMH 3pa3kaMH B JITEpaTypi.

Kntouoei cnosa. ckinajHi OKCHIHI KOMIIO3UTH, YJIBTPa3ByKoBa 00poOKa, QoTokaTami3, MECTPYKILis
METPOHIa301y
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The catalytic properties of reduced graphene oxide (rGO) deposited on aluminum and magnesium oxides
were investigated in acetylene hydrogenation. Catalysts with different rGO loadings were prepared by
impregnating y-Al-Os and MgO with aqueous graphene oxide suspensions, followed by reduction in hydrogen at
400 °C. The materials were characterized by FTIR, Raman spectroscopy, and SEM. FTIR spectra confirmed the
successful deposition of rGO on both supports, and for MgO-based samples, FTIR also revealed partial hydration
of surface Mg-O groups, forming Mg(OH): and a hydroxide—graphene interfacial layer that improves anchoring
and stabilizes the structure. Raman spectroscopy verified the formation of a graphene-based phase on both oxides
and showed that the defect level of the deposited graphene remains constant with varying rGO loading. SEM
analysis indicated that on MgO, rGO forms thin film-like structures and irregular folds that create partially
covered regions, while on y-Al:Os it forms continuous films in some areas and isolated folds in others.
Modification of y-Al.Os and MgO with rGO enhanced catalytic activity in acetylene hydrogenation, with the
highest rates observed for samples with low rGO content. Both rGO/Al.Os and rGO/MgO exhibited full (100 %)
selectivity to ethylene in the 250—400 °C range. The improved performance is attributed to rGO-derived surface
structures that ensure effective contact between carbon and oxide phases and facilitate activation of acetylene and
hydrogen. Overall, the catalytic behavior of rGO-modified oxides is governed by the acid—base properties of the
support and the structural features of the deposited graphene layer, which determine the activation temperature
and thermal stability of the system.

Keywords: reduced graphene oxide, aluminum oxide, magnesium oxide, acetylene hydrogenation,
carbocatalysis

Introduction

Catalytic hydrogenation of acetylene is an important reaction in both fine organic synthesis and
industrial chemistry, particularly in the production of high-purity ethylene [1,2]. Achieving high
selectivity and activity in this reaction typically relies on oxide-supported catalysts such as y-Al.Os,
Si02, MgO, and TiO.. In recent years, increasing attention has been devoted to catalytic systems
modified with carbon nanostructures, which can improve the adsorption capacity and stability of active
centers [3, 4].

Among carbon-based materials, reduced graphene oxide (rGO) has attracted considerable interest
due to its high surface area, chemical stability, and ability to form hybrid interfaces with oxide supports
[5, 6]. The deposition of rGO layers on oxide surfaces promotes the formation of heterogeneous
interfaces that affect adsorption properties and surface reactivity [7]. Depending on the properties of
rGO, the catalytic properties of such hybrid systems may vary substantially.

Although most studies have focused on metal-loaded rGO -catalysts, several works have
demonstrated that rGO itself can exhibit intrinsic catalytic activity in hydrogenation reactions without
metallic components [8, 9]. Metal-free reduced graphene oxide has been shown to catalyze the
hydrogenation of acetylene to ethylene and phenylacetylene to styrene. In addition, defect-rich or
N-doped rGO materials have demonstrated activity in the hydrogenation of styrene and terminal alkynes
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under mild conditions, highlighting the intrinsic catalytic potential of graphene-based systems [10].
These findings indicate that rGO can act not only as a conductive support but also as an active
component in hydrogenation processes.

The aim of this work is to reveal the effect of reduced graphene oxide deposited on y-Al.Os and
MgO on the catalytic properties of the resulting materials in the process of acetylene hydrogenation.
Structural and morphological characterization of the samples was performed using FTIR, Raman
spectroscopies, SEM analyses, and the temperature dependence of acetylene conversion was studied.
The obtained results provide a comparative analysis of y-Al:Os- and MgO-supported systems,
highlighting the effect of the support on catalytic efficiency in acetylene hydrogenation.

Experiment

Catalyst samples with reduced graphene oxide were prepared by applying an agueous suspension
of graphene oxide (GO) with different concentrations onto MgO (Novohim, 98.5 %) and AlOs
(Yug Sintez, 99.0 %). The GO suspension was obtained by of graphite oxide (GrO), which had been
synthesized using a modified Hummers’ method followed by ultrasonic treatment [11]. Powders of
aluminum oxide and magnesium oxide with a particle size fraction of 0.25-0.5 mm were impregnated
with the suspension at a ratio of 1 mL per 1 g of support. After impregnation, the samples were kept at
60 °C for 3 h and then reduced in a hydrogen flow at 400 °C for 2 h. A series of samples containing GO
at 0.025 mg/g, 0.1 mg/g, and 1 mg/g were prepared. Each sample in the series was labeled according to
the type of support, the type of graphene material, and its concentration in wt. %, for example:
rGO(0.0025)/MgO, rGO(0.01)/AL:0s, etc.

The physicochemical properties of the obtained samples were investigated using Raman
spectroscopy, Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM),
and low-temperature nitrogen adsorption-desorption analysis. The morphology and spatial distribution
of elements in the samples containing reduced graphene oxide were examined by SEM using a MIRA3
Tescan microscope. FTIR spectra were recorded with a Perkin Elmer “Spectrum One” spectrometer in
the range of 400-4000 cm™. Raman spectra were obtained at room temperature using a HORIBA
Jobin-Yvon T64000 confocal dispersive spectrometer equipped with an Ar-Kr laser (excitation
wavelength 488 nm, laser power 125 mW).

The catalytic activity of the samples in the acetylene hydrogenation reaction was studied under
flow conditions using chromatographic control of the composition of the reaction mixture and the
conversion products. The analysis was performed using a self-made assembly gas chromatograph
equipped with a thermal conductivity detector and a PoraPak S chromatographic column. The catalyst
was placed in a fixed-bed flow reactor between two layers of purified quartz. The acetylene
hydrogenation reaction was carried out in the temperature range of 50-400 °C using a gas mixture
containing 10 % C:H: and 90 % H: at a total flow rate of 50 mL min'. Catalyst samples weighing
0.1-0.25 g were used in the experiments.

The rate of hydrogenation product formation was calculated according to equations (1) and (2)

_ ng - Vy _ ng, Vg
"=~ 22400- 60 - m, 1) 's ~ 22400 60 - m, 2)
where, na - the molar fraction of the hydrogenation product in the gas mixture after passing through the
reactor; Vn - the flow rate of the acetylene-hydrogen gas mixture, ml/min, m¢ - the mass of the catalyst
sample, g; mq - is the mass of reduced graphene oxide (rGO) in the catalyst sample, g.
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Fig. 1. SEM images of the samples: (a) Al.O3z; (b) rGO(0.1)/Al>03; (c) MgO; (d) rGO(0.1)/MgO

Results and Discussion

Fig. 1 a, b shows the SEM images of pristine y-Al203 and the y-Al>O3 sample modified with
rGO. The surface of the initial y- Al.O3 is characterized by a porous structure formed by agglomerates of
irregularly shaped nanoparticles [12]. After modification with rGO, film-like formations with a wrinkled
texture, characteristic of graphene layers, appear on the oxide surface [13]. An uneven distribution of the
rGO coating is observed: in some regions, rGO forms continuous films, whereas in others, isolated
graphene folds and exposed areas of the alumina surface remain visible. Such morphology indicates a
non-uniform deposition of rGO and partial coverage of the porous y-Al>O3 surface.

Fig. 1 c, d presents the SEM images of pristine MgO and the MgO sample modified with reduced
graphene oxide (rGO). The surface of the initial MgO consists of agglomerates of particles with well-
defined cubic facets, typical of this oxide system [14]. After rGO deposition, noticeable changes occur in
the surface morphology: thin film-like structures and folds corresponding to graphene layers appear on
the granular MgO matrix. The rGO is distributed unevenly, forming localized regions with partial
coverage of MgO grains, while some areas remain exposed. The formation of such hybrid regions
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indicates weak interaction between the graphene layers and the MgO surface, which may result in
differences in dispersion and interfacial contact compared to the Al,O3-rGO system.
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Fig. 2. FTIR (a) and Raman (b) spectra of rGO (0.0025)/A1.0s, rGO (0.01)/Al,03, rGO (0.1)/Al20s3;
FTIR (c) and Raman (d) spectra of (0.0025)/MgO, rGO (0.01)/MgO, rGO (0.1)/MgO

Fig. 2 a shows the FTIR spectra of pure y-Al.Os and the samples modified with different
amounts of reduced graphene oxide. The spectrum of y- Al2Os reveals characteristic absorption bands in
the region of 800-500 cm™, corresponding to the stretching and bending vibrations of Al-O and Al-O-Al
bonds [15]. In the high-frequency region 3770-3700 cm™, sharp bands of isolated Al-OH groups are
detected, while a broader feature near 3400 cm™ is attributed to hydrogen-bonded O-H groups and
adsorbed water molecules. After the deposition of reduced graphene oxide, new absorption bands appear
in the spectra. A weak band in the 1730-1710 cm™ region corresponds to the C=0 stretching vibrations
of carboxyl groups originating from residual oxygen-containing fragments of graphene oxide [16]. A
distinct band at 1605-1585 cm™! is associated with C=C vibrations of the aromatic structure of graphene
layers. In the region of 1260-1050 cm™!, additional bands assigned to C-O-C vibrations of epoxy and
ether groups, as well as C-O vibrations of phenolic groups, are observed. The O-H band in the high-
frequency region becomes broader, suggesting the formation of hydrogen-bonded structures between the
hydroxyl groups of y-AlOs and the oxygen functionalities of reduced graphene oxide [17].
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Fig. 2 b shows the FTIR spectra of pure MgO and MgO samples modified with different amounts
of reduced graphene oxide. The spectrum of MgO is characterized by band in the region 500-400 cm™*
attributed to lattice vibrations of Mg-O bonds. In the high-frequency region 3740-3700 cm™ a narrow
band assigned to stretching vibrations of isolated Mg-OH groups is observed, while a broader feature
near 3450 cm™ corresponds to hydrogen-bonded O-H groups and adsorbed water on the MgO surface
[23]. After deposition of reduced graphene oxide, additional absorption features appear that are absent in
pure MgO. A band in the region 1720-1700 cm™ is assigned to C=0 stretching vibrations of carboxyl
groups originating from residual oxygen-containing fragments of graphene oxide. In the 1605-1585 cm™*
region a band characteristic of C=C stretching vibrations of the aromatic framework of graphene layers
is detected, partially overlapping with the H-O-H bending mode of adsorbed water near 1630 cm™ [24].
The presence of paired bands at about 1550 and 1410 cm™! indicates asymmetric and symmetric
stretching vibrations of carboxylate groups coordinated to magnesium, confirming the formation of
interfacial Mg-carboxylate species [25]. In the mid-frequency region 1260-1220 cm™ and 1110-1040 cm™!
bands assigned to C-O-C vibrations of epoxy and ether groups and C-O vibrations of phenolic or alkoxy
groups are observed, evidencing the retention of part of the oxygen-containing functionalities and the
formation of Mg-O-C type linkages at the interface [26].

Since the modification of MgO was carried out using an aqueous dispersion of reduced graphene
oxide, the spectra also reveal a broad O-H stretching band in the 3500-3700 cm™ region together with a
band near 1630 cm™, characteristic of magnesium hydroxide. These features indicate partial hydration of
surface Mg-O groups with the formation of Mg(OH). and the development of a hydroxide-graphene
interfacial layer that promotes effective anchoring of graphene sheets on the MgO surface and stabilizes
the sample structure.

Fig. 2 ¢, d shows the Raman spectra of the AlO3- and MgO-based samples modified with
different amounts of reduced graphene oxide (rGO). For all rGO-containing samples, two characteristic
bands of graphene materials — the D band (~ 1350 cm™) and the G band (~ 1580 cm™) — are clearly
observed in the 1200-1600 cm™ region. The ratio of their intensities (I p/l_g), commonly used as a
measure of defectiveness in carbon materials, exceeds 1 for all compositions and remains essentially
unchanged with increasing rGO loading [18-19]. This indicates that the intrinsic defect level of the
deposited graphene phase stays constant regardless of the amount applied to the oxide surface. An
increase in the absolute intensity of both D and G bands with higher rGO content reflects the growing
concentration of graphene fragments on the supports, while a slight upshift of the G band for Al.Os-
based samples may be associated with strain effects within the deposited rGO film [20]. In contrast, the
Raman spectra of the pristine oxide supports do not exhibit graphene-related features: the initial y-Al.Os
shows only low-intensity lattice vibrations in the 300-700 cm™! region, whereas pure MgO displays weak
Mg-O lattice modes below 800 cm™ [21-22]. The appearance of D and G bands exclusively after rGO
deposition confirms the successful formation of a graphene-based phase on both oxide supports.

Fig. 3 a shows the temperature dependence of acetylene conversion over rGO/ALOs catalysts
with different graphene oxide loadings. It should be noted that for both alumina and magnesia deposited
samples in all catalytic experiments, acetylene hydrogenation proceeded to ethylene, maintaining 100 %
selectivity throughout the entire temperature range. No methane or ethane was detected among the
reaction products. The rGO 1 mg/Al,Oz sample exhibits the lowest reaction onset at 150 °C with a
conversion of 6 %, reaching 10 % at 250 °C, and decreasing at higher temperatures to 6 % at 400 °C.
The rGO 0.1 mg/Al:O; catalyst becomes active at 200 °C with a conversion of 0.85 % and shows a
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continuous increase in activity up to 13 % at 400 °C. The rGO 0.025 mg/Al>O3z sample begins to convert
acetylene at about 150 °C with a conversion of 0.4 % and gradually reaches 12 % at 400 °C.

All catalysts exhibit activity within 150-400 °C, with the highest conversion observed for the
rGO 0.1 mg/ Al203 sample at 400 °C.
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Fig. 3. (a) Temperature dependence of acetylene conversion in the process of acetylene hydrogenation
within the temperature range of 50-400 °C, total flow rate 50 mL min™'; m conversion of acetylene on
rGO(0.025)/Al>03; e conversion of acetylene on rGO(0.1)/Al,03; A conversion of acetylene on
rGO(1)/Al,03. (b) Reaction rate diagrams of acetylene hydrogenation over rGO(0.025)/Al>0g,
rGO(0.1)/Al>03, and rGO(1)/Al>0s, recalculated per catalyst mass and per rGO mass at 400 °C.

r ¢ - rate of acetylene hydrogenation normalized to the mass of the catalyst sample; r_g - rate of
acetylene hydrogenation normalized to the mass of rGO in the catalyst sample

The catalyst with the highest rGO content 0.1 mass. % (1 mg/g) shows the lowest initial
temperature for the reaction observed, confirming its superior ability to activate acetylene at low
temperatures. However, the intermediate loading (0.1 mg) provides the best balance between activity
and thermal stability, achieving the highest conversion at 400 °C. These results indicate that an optimal
amount of reduced graphene oxide ensures both efficient low-temperature activation and sustained
catalytic performance under thermal conditions.

Fig. 3 b presents the reaction rate diagrams for acetylene hydrogenation at 400 °C using catalysts
of the rGO/AI>Ozsystem with different contents of reduced graphene oxide. The reaction rate, calculated
per catalyst mass, is 1.8-10°¢ mol-g(cat)*'s? for rGO(0.025)/Al203, 2.0-10°° mol-g(cat) 's! for
rGO(0.1)/Al20s, and 8.6-1077 mol-g(cat) !s! for rGO(1)/Al.O3. Thereover, with increasing rGO loading
from 0.0025 mass. % to 0.1 mass. %, the activity first increases — reaching a maximum for the
0.01 mass. % rGO sample — and then decreases. When normalized to the mass of reduced graphene
oxide, the difference becomes more pronounced: 7.04-102 mol-g(rGO)!'s! for rGO(0.025)/Al>0s3,
1.96:102 mol-g(rGO) s for rGO(0.1)/A1,03, and 8.62-10* mol-g(rGO)'-s* for rGO(1)/Al203. This
indicates that with increasing rGO content, the specific activity of the catalysts decreases by nearly two
orders of magnitude due to densification or partial coverage of the active surface of the support.
Therefore, the rGO(0.1)/Al203 system can be considered optimal, providing the highest reaction rate
(1.96-10°° mol-g(cat)'-s") and acetylene conversion of 13 % at 400 °C, demonstrating the effective role
of the graphene layer in reactant activation.
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Fig. 4 a shows the temperature dependence of acetylene conversion over rGO/MgO catalysts
with different graphene oxide loadings. The rGO(0.1)/MgO catalyst becomes active at 250 °C with a
conversion of 1.4 % and gradually increases to 3.8 % at 400 °C.
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Fig. 4. (a) Temperature dependence of acetylene conversion in the hydrogenation process within the
temperature range of 50-400 °C, total gas flow rate 50 mL min'; m Acetylene conversion on
rGO(0.0025)/MgO;e Acetylene conversion on rGO(0.01)/MgO; A Acetylene conversion on
rGO(0.1)/MgO. (b) Reaction rate diagrams for acetylene hydrogenation over rGO(0.0025)/MgO,
rG0O(0.01)/MgO, and rGO(0.1)/MgO, normalized to the catalyst mass and to the mass of rGO.

15 - rate of acetylene hydrogenation normalized to the catalyst mass;

1o - rate of acetylene hydrogenation normalized to the mass of rGO in the catalyst sample

The rGO(0.01)/MgO sample starts to convert acetylene at 300 °C with a conversion of 1.2 % and
reaches 3.7 % at 400 °C. The rGO(0.0025)/MgO catalyst shows activity from 250 °C with a conversion
of 0.9% and steadily increases to 4.8 % at 400 °C. All rGO/MgO catalysts remain active within
250-400 °C, with the highest conversion observed for the rGO(0.025)/MgO sample at 400 °C. The
highest conversion 4.8 % at 400 °C, is achieved for rGO(0.0025)/MgO, indicating that smaller graphene
loadings favor better dispersion and stronger interfacial contact with the MgO support. Compared to the
rGO/AIl;Ossystem, the MgO-based catalysts demonstrate lower activity but maintain stable performance
over the examined temperature interval.

Fig. 4 b shows the reaction rate diagrams for acetylene hydrogenation at 400 °C over rGO/ MgO
catalysts with different loadings of reduced graphene oxide. The reaction rate, calculated per catalyst
mass, 1s 7.20-1077 mol-g(cat)*-s™! for rGO(0.0025)/MgO, 5.43-1077 mol-g(cat)'-s* for rGO(0.01)/MgO,
and 1.42-107° mol-g(cat) !-s! for rGO(0.1)/MgO. At low rGO contents (0.0025-0.1 mg/g), the catalytic
activity remains relatively low, whereas increasing the rGO loading to 1 wt. % leads to nearly a twofold
increase in the reaction rate, which can be attributed to the formation of a more continuous graphene
coating and improved interfacial contact between MgO and the rGO layer. When normalized to the mass
of reduced graphene oxide, the rate values are 2.88-102 mol-g(rGO) s for rGO(0.0025)/MgO,
5.43-107 mol-g(rGO)'-s! for rGO(0.01)/MgO, and 1.42-1072 mol-g(rGO)'-s! for rGO(0.1)/MgO. The
observed decrease in specific activity with increasing rGO content may result from partial shielding of
active centers by graphene layers or from the formation of Mg(OH): during the deposition of rGO from
an aqueous suspension.

Therefore, for the rGO/MgO, the highest acetylene hydrogenation rate based on catalyst mass is
observed at 400 °C for rGO(0.1)/MgO - 1.42-10°° mol-g(cat)'-s!, although its acetylene conversion
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reaches only 4 %. This suggests partial coverage of the active MgO surface or diffusion limitations of
reactants within the graphene layer. Meanwhile, the specific activity normalized to the rGO mass for all
rGO/MgO samples remains lower than that of analogous y- Al2Os-based systems.

The experiments show that both rGO/Al:Os and rGO/MgO catalysts are active in acetylene
hydrogenation, although their temperature-dependent behavior and efficiency differ noticeably. The
rGO/AI>O3 samples demonstrate higher conversions across the studied temperature range and begin to
exhibit measurable activity at lower temperatures. This suggests that y-Al.Oz provides surface conditions
more favorable for the surface reaction between adsorbed acetylene and hydrogen [27]. It can be
proposed that the presence of surface hydroxyl groups on alumina facilitates stronger interaction
between the deposited rGO layers and the oxide surface, providing new or enhancing existing active
sites [28].

In contrast, the rGO/MgO catalysts show lower acetylene conversion and require higher
temperatures to reach comparable activity trends. The predominantly basic character of MgO results in
weaker interaction with the graphene phase, which can be conditioned by interaction between carboxylic
groups in OG and MgO due to the first step of deposition [29]. In addition, partial hydration of the MgO
surface during deposition from an aqueous rGO suspension leads to the formation of Mg(OH)2, and
interaction of MgO with atmospheric CO> can significantly reduce the surface hydrogen migration due
to poisoning of the surface by blocking -OH groups [30]. This modification of the surface composition
limits hydrogen surface mobility and contributes to lower overall activity. Nevertheless, all MgO-based
catalysts retain stable operation throughout the reaction temperature range.

Across both systems, the amount of deposited reduced graphene oxide is a key factor in
determining catalytic behaviour. Lower rGO loadings ensure better dispersion and a more open surface,
whereas higher loadings may lead to partial coverage of the oxide grains and restricted access to active
regions. This effect is more pronounced for MgO, where thicker graphene layers can hinder contact
between reactants and the basic surface sites [31-32]. In the AlO3-supported samples, moderate rGO
loadings improve catalytic performance while preserving the structural accessibility of the support.

Conclusions

Therefore, the obtained results show that the optimal content of reduced graphene oxide lies in
the range of 0.025-0.1 mg, which provides a balance between low-temperature activity and thermal
stability of the catalytic system. Among the investigated samples, the rGO 0.1 mg/Al,Os catalyst
provides the highest acetylene conversion of 13 % at 400 °C, with 100 % selectivity to ethylene and
stable performance throughout the reaction. Overall, the observed trends indicate that the catalytic
behavior of graphene-oxide catalysts is mainly determined by the acid-base properties of the support and
the structural characteristics of the rGO layer, which together influence both the temperature required for
activation and the thermal stability of the system. The results obtained may serve as a basis for the
rational design of metal-free or low-metal hydrogenation catalysts for selective transformations of
unsaturated hydrocarbons.
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KaragiTu4yHi BJJaCTUBOCTI BiTHOBJICHOI0 OKCHAY I'Pa(eHy, HAHECEHOIr0 Ha OKCHAU
AJIIOMIHIIO Ta MarHilo, y peakuil riApyBaHHs aueTHJICHY

Bikrtopisn B. Hocau 2, Irop b. Buuxo !, [lerpo €. Crpu:xak !

! Incmumym @izuunoi ximii im. JI.B. ucapacescorkozo Hayionanvroi akademii nayk Ykpainu
npocn. Hayxu, 31, Kuis, 03028, Yxpaina

2 Hayionanvnuii ynisepcumem «Kuego-Moeunancoka akademisy

eyn. Ipueopis Crosopoou, 2, Kuie, 04655, Vkpaina, e-mail: victorynosach@gmail.com

KaraniTiuyni BIacTuBOCTI BiHOBJIEHOrO okcuay rpadeny (BOI'), HaHeceHOro Ha OKCHAM aJIOMIHIIO Ta
MarHito, Oyau JociifxkeHi B peakuii rizpyBanss auetwieHy. Karamizatopu 3 pisaum BmictomM BOI' orpumysanu
MeTonoM npocoueHHs y-Al:Os Ta MgO BomHUMHM CycHEeH3isIMH OKCcUAy TpadeHy 3 MoAanbIiuM BiIHOBICHHSIM Y
Bogni 3a 400 °C. Marepianu xapakrepuzyBaiu 3a jornomoroo ®@yp’e-I4 cmekrpockomii (I4), Pamanischkoi
cnekrpockorii Ta CEM. [Y-cnekTpu miarBepawiu ycniinae HaneceHHss rGO Ha 0OWBI TiKIaIKK, a JUIs 3pa3KiB
Ha ocHOBI MgO TakoX BHSIBHJIM YacTKOBY Tigpatauito nmoBepxHeBux Mg—O rpym 3 ytBopenHsM Mg(OH). ta
riapoKcuIHO-Tpad)eHOBOr0 MiK(a3HOro Iiapy, sSKHil IOKpallye 3akKpilUIeHHsS Ta CTaOuIi3ye CTPYKTypy. 3a
JoromMoror0  PamaHiBChKOT CrHieKTpockorii Oyiio miaTBep/pkeHo (opmyBaHHS TpadeHBMiCHOT ¢da3u Ha 000X
OKCHJIaX 1 IMOKa3aHo, 0 PiBeHb Ne(EeKTHOCTI 0capKeHOro rpadeHy 3aJIUIIA€ThCs TOCTIHHUM TPU 3MiHI BMICTY
BOI. Amnaniz 300paxess CEM BusBuB, mo Ha BOI/MgO yTBOpIO€ TOHKI IUTIBKONOIIOHI CTPYKTYpH Ta
HEpEryJsIpHi CKIaIKH, SKi (POPMYIOTh YaCTKOBO MOKPHTI AUISHKH, TOli SIK Ha y-Al2Os BiH yTBOpIo€e Oe3nepepBHi
TUTIBKA B OJTHUX 30HAX 1 i30JIbOBaHi CKiaaku B iHmmX. Momudikanis y-Al:Os Ta MgO BiIHOBIEHUM OKCHIAOM
rpadeHy MHiIBUIIMIA KATAJITHYHY aKTHBHICTb 3pa3KiBy TiJpyBaHHI aleTHJICHY, MPUYOMY HAMBHI IIBHUAKOCTI
criocTepirainmcs Juisi 3pa3kiB i3 HU3bKUM BMicToM BOI. O6uaBa karamizatopu — BOI/AL:Os Ta BOI'/MgO —
npoaeMoHcTpyBanu 1moBHy (100 %) cenekTuBHICTH 3a erwieHoMm B mianasoni 250-400 °C. IligBuiieHHS
AKTHBHOCTI MOSICHIOETBCS HAsIBHICTIO MMOBEPXHEBHUX CTPYKTYp, yTBopeHux BOI, siki 3a0e3neuytoTs eeKTHBHUM
KOHTaKT MiX BYIJICIICBOIO Ta OKCHUAHOIO (a3aMy ¥ CHPHSAIOTH aKTHBAIll aleTHICHy Ta BOJHIO. 3araiom
KaTaJiTUYHAa aKTUBHICTh OKCHIIB, MomudikoBanux BOI, BH3HAYa€ThCS KHCIOTHO-OCHOBHHUMH BJIACTHBOCTSIMH
HOCIs Ta CTPYKTYPHUMH OCOONIHMBOCTSMH HAaHECEHOTO Irpa)€HOBOIO IIapy, SIKi 3aJal0Th TEMIIEPaTypy aKTUBaLii Ta
TEepPMiYHYy CTabiIbHICTh CUCTEMHU.

Knrouosi crosa: BinHoBiIeHUN OKcu rpad)eHy, OKCHI alFOMIiHII0, OKCHJ MarHiro, TiIpyBaHHs alleTHIICHY,
KaTai3
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B poboti mpencraBneHO pe3ynbTaTH MOCTIIKEHb ABTOKJIABHOTO MPOIECY IMOJIMEpH3allii HpormiiieH
okcuay (OII) i3 3actocyBanHsM rmimepary kaimito Ta DMC xkaramizaropa Arcol® Catalyst 3. Po3pobneno
MPOLIEAYPY OJICpXKaHHsS OJIITOMEPIB MPOMUICHOKCHIY 3 3aJlaHOK MOJICKYJSIDHOKO Macoi B Jliana3oHi
Mn = 500-1300 Ha OCHOBI IJIIIIEPUHOBOIO iHIiIlaTOpa i3 BUKOPUCTAHHSAM TiAPOKCHUIY Kaiiro. BcTaHOBIEHO, 110
Uit eeKTHBHOI iHImiaIii MmojiMepH3arii onTUMalbHe MOIbHE CcHiBBigHOMmEHHs mepmoi nopmii OIl mo
[IIIIIEPUHOBOTO iHiIliaTopa ckiagae mpuodausHo 3 © 1, a ontumanbHa mBuAKicTh nogadi OI1 Ha 1 Mok iHiLIaTOpa
~ 1.5 monp OIl/ron. Ha ocHOBI ozepaHUX OJIITOMEPHHUX CTApTEpiB 3/iMCHEHO cuHTE3 momioniB 3 Mn > 3000 3
BMKODHCTAaHHAM LMHK rekcamianokoOamsratHoro DMC katamizatopa Arcol® Catalyst 3. Amaniz *C SIMP
CHEKTPIiB TONIONIB TMTOKa3ye, MO0 YTBOPEHHS MOJIMEPHHUX JIAHITIOTIB BiAOyBaeThes 3a y4acTi ABoX KiHneBux OH-
TPy TIIEpUHOBOTO iHiNiaTopa, a cepeanss OH-rpyna riinepuHy He nNpuiiMae y4acTb B OJTIMEpH3allii.

Knrouoei cnosa: oxcuj pomisieHy, MOMiOKCHIIPOTINICH, MOJIMepH3aIis

Bcmyn

OxHUM 13 KITIOYOBUX BUXITHMX KOMIIOHEHTIB y BUPOOHHWIITBI MIHOMOMiypeTaHiB, HOKPUTTIB Ta
KJIETB € TIOJIIOKCUTIPOTIiICH (TTOJII0JT) 3 MOJICKYJIIPHOIO MAacor0 BiJ OJHIET 10 KibKOX ThcsaY [1]. Ha Taxi
MOJTIONIK  TIEPETBOPIOIOTh  OLIBINY 4YacTUHY MOHOMepHoro mpomniuteHokeuny (OIT) [2], cBiToBe
BUPOOHUIITBO sikoro y 2023 porri craHoBmio noHan 13.6 mutH TouH [2]. OcHoBHUME BupoOHHKaMu OIT
Ha cBiToBoMy puHKY € Dow Chemicals, BASF SE, LyondellBasell, DOW Chemicals, Shell [2].

TpaguuiiHuM NPOMHCIOBUM CIIOCOOOM CHHTE3Y IIOJIOJIB MPOTArOM OaraTboX pOKIB Oyiia
MOoJIMEpHU3allisl 13 3aCTOCYBaHHSIM CHJIBHOOCHOBHHMX KaTalli3aTopiB, 3a3Bu4ail riinepaty kaiito [3]. Tlig
gyac TaKoro Ipolecy TIJilepar Kajlilo po3kpuBae enokcuaHui 1ukia OIl 3 yTBOpEeHHSM MON10JIBHOIO
npoaykTy. KOHKypyrodo0 peakili€elo B JaHOMY BHUIAJKy € TEperpynyBaHHS MpPONUICHOKCUIY B
aNIOBHIA CTIPT, sIKuii 1HriOye nomimepu3saitito OIT [3]. BepxHs mpakTudHa Mexa MOJEKYJISIPHOT MacH
MOJTIOKCHUIIPOIIIJICHY, OJIEPYKAHOTO 32 JIOTIOMOTOI0 TIIIepary Kajiiro, CTaHOBUTh puoii3Ho 2000 [4].

HoBumu karanizaTopamu mpoliecy MoJiiMepu3allii emoKCUIIB CTald, 3arnpornoHoBaHi B 1960-x
pokax, meranoriianigai kommiekcu (DMC - double metal cyanide), [4-8]. OcHoBHOO X TEepeBaroi €
MOJKJIUBICTh OJIEPKYBAaTH BHCOKOMOJIEKYJISIPHI TOJIOAM 3 HHU3BKUM BMICTOM OJIITOMEPIB alliJIOBOTO
ciimpty [5]. Hemonmikamu mux katami3aTtopiB, sKi MEpeHIKOKAIM iX KoMepiiamizailii, Oyiu BHCOKa
BapTICTh, HEJIOCTATHSA AKTHUBHICTh Ta CKJIAIHICTh BUIAJICHHS 3aJIMINKIB KaTaiizaTopa 3 MpOAyKTy. B
1993 p. xommaniss ARCO Chemical Company po3pobuna crabinmeauii amopduuit DMC kataimizatop 3
OUTBIII BUCOKOIO aKTUBHICTIO Ta CEJICKTHUBHICTIO, IO JO3BOJIIIIO OJEPKATH TOJIOIH 3 HU3bKUM BMICTOM
noBifiHuX 3aB’s13kiB 10 0.008 mexs/r [9]. Cyuacui DMC karasizaTopu MarOTh BUCOKY aKTHBHICT, IO
JI03BOJIsIE BUKOPUCTOBYBATH iX B HaJ3BUYAHO Malliif - Jekiibka ppm — KoHueHTpaiiii [6]. [Ipote, DMC
KaTayli3aTopyu AK€ YyTJIHMBI JI0 EJIEKTPOJOHOPHUX CIIONYK 1 JIETKO JE3aKTHBYIOTHCS B TPHUCYTHOCTI
CHIIBHUX OCHOB JIbtoica, ioH1B OH ™, HU3bKOMOJIEKYJISIPHUX T€TEPO-OPraHIuHUX CIIONYK, III0 XapaKTepHO
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JUTsl KOOpAMHAIIINHUX KataiizaTopiB [6]. 1{o6 3amo0irtu ne3akTuBariii BAKOPUCTOBYIOTh CHHTE30BaHUH
3a JOMOMOTOI0 Tiinepary kamiro craptoBuii oiiromep OII 3 Mn = 200-700, skuit Mae OyTH pEeTEIBHO
OUYMINEHUN BiJI 3AJMIIKIB JIyI'y METOJAaMH HeHTpaiizalii, ajacopOmii un ioHHOTO OOMIiHY [4]. Bmima
MOJICKYJISIPHA Maca CTapTepy 3HAYHO 3HUXKYE KOE(]iIlIEHT HApOIIlyBaHHS OJiroMepa 1 BIIIOBITHO
3HIKYE e(DEKTUBHICTh BUKOPUCTAHHS peakTopa. Takox, ocoommBicTio DMC kaTani3aTopiB € yTBOPEHHS
ITiJT Yac moJiiMepu3allii HeBEJIMKOI KIIbKOCTI Ty’e BHCOKOMOJIEKYIISIpHUX ToJioniB 3 Mn > 100 000, mo
HETaTUBHO MO3HAYAETHCS Ha SIKOCTI MOJIMEPHOTo MpoayKTy [4].

B 2021 poui na TOB «Kapmarnadroxim» B Kamymi Oyno 3anymeno HoBy Bitun3HsHy HPPOa
TexHoJIOoT10 BUpoOHMITBa nporinied okcuny [10, 11]. ITocranmo nurannas nepepodku OII B Oibin 1iHHI
MOJIONK, MO 1 OOYMOBWJIO HEOOXITHICTh NPOBEICHHS IIMX JOCHIDKEHb 3 METOK BH3HAYCHHS
ONTUMAIILHUX TTApaMETPIB OepP>KaHHS MOJTIOJIB 3 33JaHOK0 MOJICKYJISIPHOKO MacO¥0.

B 1npoMy moBioMIIeHHI HaBEACHO Pe3yJbTaTH AOCIIKEHHS IMpoLecy MojiMepu3allii mporijieH
OKCHJy B MPHUCYTHOCTI TJillepaTy Kamilo Ta IMHK rekcaniaHokoOansratHoro DMC karamizatopa
(Arcol® Catalyst 3).

Excnepumenm

JocnimkeHHss mpolecy OJIep:KaHHS IOJIOKCUIIPONUICHOBUX TIOMIONIB BKJIIOYAIO HACTYIHI
eTamy: CHHTE3 IHIIATOpIB 3 IUILEPUHY 1 TIAPOKCHUIY Kalilo; CHHTE3 OJIrOMEpiB IIISXOM peakiii
OKCHUIPOMUIIOBAHHS OJIep:KaHUX 1HII[IaTOPIB OKCUIOM IPOIIIEHY; HeHTpani3allis oJep>KaHuX MPOAYKTiB
(bochOopHOIO KHUCIOTOI 3 HACTYHNHHM OYHILIEHHSM BiJl YTBOPEHHX COJIEH; MOJiMepu3allis MpormijiieH
OKCHJy 3a JIOIIOMOTOI0 IHMHK rekcamianokoOanpratHoro DMC katamizatropa 3 BUKOPHCTaHHSM
HOTIEPETHO CUHTE30BAaHUX OJIrOMEPHHUX CTApTEPiB.

Cunte3 K-riinepaTHUX iHINIATOPIB MPOBOAWIM B TEPMOCTATOBAHOMY CKIISIHOMY PEaKTOpi Ha
250 mi1, OCHAlIEeHOMY BaKyyMHHM HAacOCOM 1 MAarHiTHOIO MiIIajKoro. BUKOpUCTOBYBalM peuenTypH
CHHTE3y IPOMMCIIOBUX iHiliaTopiB. Hanpukinaa, 1t cuHTesy iHimiaropa g nomony 3 Mn = 920 6yno
B3saT0 50T rhninepuny Ta 1.8 KOH 3 monpHuMm chiBBigHOmeHHsM riinepuH:KOH = 17:1. Cunres
npoBogmin 3a Temneparypu 110-115°C Ta 3HmwkeHoro Tucky (0.02 MIla) npu iHTEHCHBHOMY
nepeminryBarHi (500 06/xB) mpotsirom 2 roau. I1ig gac peakmuii Buaiauiaocs 0.9 r (0.05 r-moss) Boaw.
Maca cuHTe30BaHOrO iHiliaropa craHoBuia 51 r.

[Tonmimepu3anito okcuay mnporiieHy, BupoOoHunTBa TOB «KapnatHadToxiM» 4YHCTOTOO
>99.9 %, npoBoaMIM B TepMOCTaTOBaHOMY peaktopi Bucokoro tucky (RVD-3-700) 3 mexanidyHUM
nepemimryBaHHsM (puc. 1). B peakTop 3arpy:anu po3paxoBaHy KUIBKICTb TJIillepaTy Kalito, MiJHIMaIN
temneparypy 1o 95 °C, Bumamsiau 3 aBTOKJIaBa MOBITPs IUISIXOM HNpPOAYBaHHS HOro a3oToM HpHU
nocriitHomy TepemimyBanni 100-120 06/xB. IlotiMm B MetaneBmii mosatop (500 cm®) 3anuBamm
po3paxoBaHy kinbkicte OIl, Hamyckanu a3ot a0 TucKy 15 HagmumkoBux armocdep (1.6 MIla), 1 yepes
BEHTHJIb JI030BAHO MOaBAIM P1AKHIA MPOMIIIEHOKCH] B aBTOKJIAB.

[Tepmry mopuito OIl nonmaBanmu i3 po3paxyHky 3-5moab OIl Ha | Monb ThiinepuHy, KOJIU
Temreparypa B peaktopi gocsrana 100 °C. 3a 3MiHOIO THUCKY B peakTOpi KOHCTaTyBald iHIIAIlIO
npoliecy MoyliiMepu3allii - MOMEHT IHTEHCUBHOI'O 3HM)KEHHS THUCKY, KUl npu noaaBanHi OIl couatky
nigHiMaBcss MakcumyM 10 1.2 Mlla, a yepe3 10-30 xB inTeHcHBHO 3HMXKYBaBcs 10 0.3-0.5 MIla. ITicns
BOT0 Jalli MojaBajlii po3paxoBaHy KuibkicTe OIl mopuisMu, KOHTpPOJIIOIOYM THCK B PEaKToOpi
(makcumywm 1.1 MIla). Peakuiro mpoBoaAUIH, K MPABUIIO, 5-8 TOIMH MPH MOCTIHHOMY MEepPEMIIIyBaHHI 3a
temneparyp 120-140 °C. IIpu upoMy THCK B aBTOKJIaB1 MiHIMaBcst MakcuMyM o 1.6 MlITa.
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Puc. 1. Aproknauuii peaktop (RVD-3-700), Bupoouunrea TOB «HBII Ykpoprcunres»

Hanpuknan, cuHTE3 NOMOKCHIPONiIIEHY 3 3aJaHOI0 CEPEAHBOYHCEIBHOI0 MOJIEKYJISPHOIO
macoro My’ = 1500 po3paxoByBanu HACTYITHUM YHHOM. BiANOBIAHO 10 NPOMHUCIIOBOi perenTypu
onepxanHs momiony-1500 monpHe chiBBigHOmeHHs OIl mo rminepuny (I'm) cranoButs 24.5:1, a
rininepud:KOH = 10:1. Crynine monimMepu3zanii 3a BH3HAYEHHAM N = Miyonivepa/ Muonomepy. B Hammomy
Bunagky N = Non/ Nuanworis ~ Nor/ Nrx = 24.5, Toai maca nosiimepy Oynae ckmagaru 24.5x58+92 (r-moib
3aroiMepu3oBaHoro riinepuny) = 1512. KonkperHo, B aBTokiaB, momnepenHbo Harpituid o 80 °C,
3aBaHTOXWIHM 26.65 T iHimiaTopa i mpotsroM 8 rogwH moctynoBo jgoxanu 329t OIl 3 migiiomom
temneparypu 10 140 °C. Onepxanu 350 T CBITIIO-KOPHYHEBOTO MPO30POTO MPOAYKTY 3 OynbOamkaMu
razy (Buxig 99 %). [Ipu BurpumyBansi pu 50 °C 1 rox Brpara macu ckinaia 1.6 T (0.5 %), mio cBiqunTh
Mpo MOBHOTY ojiromepu3ariii OI1.

Hns meitrpanizarnii KOH, mo BXoauB A0 ckiaay iHIIIaTOpa, A0 OJEPKAHOTO MOJIONY J0/1aBaliv
po3paxoBaHy KUIBKICTE OpTO(hOCchHOpHOi KHUCIOTH, KOHTpoJowun 3HaueHHs pH. HeilirpanizoBanuii
MPOAYKT TOMIIIANK B KONOy 1 BuUTpuMyBaimu 2 rox 3a temneparypu 115-120 °C mpu mocriiiHOMy
nepemimyBadHi (500 06/xB) 3a 3HMWKeHOro TucKy (0.02 MIla) mns BupmasieHHs Bomu. Ilicis mboro
MPOJAYKT OXOJIOJKYBAJIM 1 YTBOPEHI Kpuctainu ¢ocdary Kajio BiAPUIBTPOBYBAIM Ha MarepoOBOMY
¢iapTpi. B’sa3kicTh mosiony 3a pesyipTaTamMu BUMiproBaHHs Ha Brookfield viscometer cranosmia
474-480 cP npm 18.5 °C, a Mp = 1292.

[TomMepusanito mnpomisieH okcuay B mnpucytHocti DMC karamizatopa (Arcol® Catalyst3)
MIPOBOJIMIIA B TEPMOCTATOBAHOMY aBTOKJIABHOMY PEaKTOpi MOJIOHO JO METOIWKH OIHMCAHOI BHIIE, 3
MEeBHUMHU MojM(DikamissMu. [cTOTHOIO BIAMIHHICTIO OyJIO T€, IO B aBTOKJIAB 3aBaHTAXKyBaJld MONEPEAHBO
CHHTE30BaHi 3a momomororo K-riinepatHoro inimiatopa oimiromepHi craprepu OIT 3 Mn <1000, sx
npaBmio mo 50-100 r. Takox, micns 3aBanTaxeHnHs craprepa i DMC xaramizatopa < 0.1, aBTOKIaB
BakyymyBanu nipu 0.01 MIla 3a temnepatypu 130 °C mpotsrom 1 romuau. 3 mo3aropa qoaaBaiivd
po3paxoBaHy KinbKicTh pinkoro OIl. OnepskaHuil mpu 1bOMY CBITJIO-)KOBTUH TOJION HE MOTpeOyBaB
JIOJTAaTKOBOI OUMCTKHU.

AHali3 CHHTe30BaHUX TONI0IiB MPOBOAMIN METOaMH Telb-TIPOHIKAI0401 XpomaTorpadii ta 13C
SMP  cnextpockomii. Cepenubouncensny (Mn) 1 cepennbomacoBy (Mw) MONEKyJsIpHI Macw Ta
Koe(IIieHT MOITUCTIEPCHOCTI OJIEpKaHUX TIOJIONIB BHU3HAYAIM Ha piamHHOMY Xpomarorpadi Waters
HPLC system, ocnamenoMy pedpaktomerpuunuMm aetekropom Waters 2414, ta aBoma MOCTiZOBHO
3’emHanuMu KonoHkamu Styragel® HR1 THF 4.6x300 mm Ta Styragel® HR3 THF 4.6x300 mm
(Temneparypa xosioHok 40 °C, extoeHT — TeTpariapodypan 31 mBuakictio 0.3 mi/xB). J{ns kaniOpyBaHHs
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Oynu BHKOpHCTaHi moiicTupoiabHi cranmaptd Shodex Standard SL-105 3 By3bKMM MOJIEKYJISIPHO-
MacoBUM po3mnoaiioM. CTymiHb moiMepu3aliii po3paxoByBaId 3 XpoMaTorpaM MoJiodiB 3a GopmyIioro
Xn = Mn/58, ne My — cepeaHboUrcebHA MOJIEKYIJIIpHA Maca, 58 - moaekyspaa maca —CH2CH(CH3)O-
JIAHKH TTOJTI0ITY.

13C IMP cnextpu peectpyBamu Ha Dypbe-criekrpomerpi Bruker Avance 400. JIns BimHeceHHs
CIIOCTEPEKYBAHUX JIIHIM BUKOPUCTOBYBAJIM 0a3y JaHMX CHEKTpiB opraHiuHux cnoiyk (SDBS, National
Institute of Advanced Industrial Science and Technology, Japan, www.aist.go.jp).

Pe3ynemamu ma ix 062060penns
Ha meprmiit craaii gocnimkeHb OyB NPOBEICHHWA CHHTE3 IOJIONIB 3 MOJICKYJIIPHOIO Macolo
500-1500 3 BuWKOpHMCTaHHSIM TONEPENAHBbO ojepkaHux K-riineparHux iHimiaTopiB. BukopucroByBamn
pelenTypyu CHHTE3Yy TaKUX MOJioJiB 3 3amaHo0 Mp’, siki HaBeneHO B Tabnuii. BignmoBimHo a0 3amaHoi
MOJIEKYJISIPHOI MacH pO3PaxOBYBalM CIIIBBIIHOIICHHS KOMIIOHEHTIB. Tak, Il CHHTE3y 3pa3ka 3
n* = 1000, monsapue cmiBBigHomeHHs OIl @ rminepun = 15.6, mo 3abe3nedyBano Mn onep:kaHOTo
nosiimepy 920 (pospaxyHok 996) 3 macoro miKoBOi KOHICHTpallil Ha xpomarorpami MP = 1543 (tab.,
puc. 2).

Ta6auusa. Cxiax BUXiIHUX CyMillIel Ta mapaMeTpu MOJIEKYJISIPHUX Mac CUHTe30BaHuX oiiromepis OI1
3 BUKOpucTaHHsIM K-riiniepaTHuX iHiliaTopis

3amana MOJIEKyIspHa I'ninepun/KOH, OI/T ninepuH, Mn Mw MP Xn
maca (My?) MOJTb MOJTb

11-660 16.7 9.8 533 782 958 9
I1-700 20.3 104 658 1000 1240 11
11-1000 17.0 15.3 920 1274 1543 16
11-1120 6.1 17.7 963 1330 1562 17
11-1300 6.1 20.9 1066 1424 1672 18
11-1500 6.1 24.3 1292 1637 1949 22

3riJHO eKCIEepUMEHTANIbHUX JaHMUX, JUIs BAAJOi 1HIIIALil Mpolecy mojiMepusallii, onTuMaibHe
MoJIbHE cHiBBiHOMIEHHs nepiioi nopuii OIl no riminepuny ctaHoBuTh npubanu3HO 3 @ 1, a onTuManbHa
mBuAKicTe nogadi OIT 6mm3eko 2 Mok OIT/1 mons 'n/roa. 3a mux yMOB iHIMIAIIS TTOJIMEPHOTO
JIAHITIOra MPOXOAUTH MPHUOJIM3HO 3a 15 XB, MPaKTUYHO HE B1IOYBA€THCA MEPETpiBY peakiiifHOi cymi
gyepe3 ek3oTepMiuHicTh peakmii (22.7 kkan/monp OIT [12]), a Tuck B peaktopi He mepeBumye 11 atH
(1.2 MITa).

Haiikpamy BiAMOBIAHICTE MIDK 33JaHOI0 MOJIEKYJSPHOIO Macol TOJONy 1 OTpUMaHUM
3HadeHHsM Mn nemoncTpyroTh 3pasku [1-700 i T1-1000 (tabu., puc. 2). [Ipote, 3a JOMMOMOTOFO Tiliepary
KaJlil0 He BAayiocs cuHTe3yBaTtu mnoiionud 3 Mn > 1300, ockiibku peakiis 3 4acoM 3aTyXae€ 1 picT
MOJIIMEPHOTO JIAaHLIOTA MPAaKTUYHO 3yNuHsAeThCs. Lle moB’s3aHO 3 TUM, IO 3 POCTOM JaHIIOTa
3HIKYeThes HykieodinmpHicTh RCO™ -aHioHa, KW aTakye eMOKCHTHIHA ITUKIT:

VO(*\K'O\)OH\/OH e \[o\)oH\/OH
5
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Cunre3oBaHi ryinepaTHi iHiliaropy He MOXHa po3rasaaatu sk riinepar kainiro CsH703™ KY, Tomy
110 MoJibHe criBBigHOmIeHHs riainepud:KOH nepesunye 10:1 (ta6:1.). IHimiatop MOKHA PO3MIISIATH SIK
KoHIeHTpoBaHuii po3unH KOH B riinepuHi 3 KOHIEHTpAIlE 10HIB Kajlil0 Ha piBHI 1 MMOJb/MI, B
sxoMy vactka aktusHoro CH2(OH)CH(OH)CH20 K™ cknagae npubausuo 10 mons %.

18,004
16,004
14,004
12,004

-~ 10,00

8,00
6,00
4,00
2,00

0,004

T T T T T T T T
1200 1400 1600 1500 2000 2200 2400 2600
Minutes

Puc. 2. Xpomarorpamu cunte3oBanux oiiromepis OIl: a — [1-1000, 6 — I1-700

Retention Time Mn Mw MP
(min) Int Type Peak Codes (Daltons) (Daltons) (Daltons)
18.548 bb 108 918 1273 1543
a
50,00
40,004
30,00
z
20,004
10,00
0,00
12,‘00 14,‘00 15,‘00 18,IDD 20,‘00 22,'00 24,‘00 25,‘00
Minutes
Retention Time Mn Mw MP
(min) Int Type Peak Codes (Daltons) (Daltons) (Daltons)
18.960 bb 108 660 1001 1240
0

Ha puc. 3 HaBeneno °C SIMP cnektpu HeifrpamizoBanux momioni I1-700 ta I1-1000. B mux
CTeKTpax BincyTHIN curHan aBox KinneBux —CH2OH rpyn rininepuny npu 63.1 M.4., ipote QikcyeThes
mik cepenaboi —CHOH- rpynu nipu 71.4 m.4. Lle cBiquuTh mpo Te, 10 BeCh 3aCTOCOBAHUM B 1HIIIaTOPI
[IILEPUH YBIWIIOB J0 MOJIMEPHUX JIAHIIOTIB YTBOPEHOI'O MOJIOKCHUMpOMiIeHy. 30epeKeHHsI CUTHAILY
npu 71.1 m.u. cBimuuTH mpo Te, mo cepeaHss OH-rpymna BTOpMHHOIrO aToMy BYTJIEIIO IUIILIEPUHY HE
npHiiMae ydacThb B OJIMEpHU3allii.
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Bunukae nutaHHs, SKAM 4uHOM TIpH 10-KpaTHOMY ne]iIuTi 10HIB KaTil0 MOXJIMBE 3aJ(ISTHHS
ycix nepBuHHuX OH-rpyn rinepuny B omiromepwu3aitii OIl 3a BuieHaBeieHUM 3arajibHO MPUHHATAM
MexanizMoM? MOXKJIMBE TOSCHEHHS IIoisrac B ToMmy, o Kation K™ 3marem Ha oOMiH 3 IpoTOHOM
ButbHOI —CH20H rpynu riinepuny. Lle crae MOXIMBHM, KOJH 31 3pOCTaHHSAM TOJIMEPHOTO JIAHITIOTa
3HIKYETLCA Bil’€MHUI 3apsg Ha aTomi KuCHIO (cxema), i K mepexomurs 10 Gibin HyKI€0(inbHOIO
aroMmy KucHio nepsunHoi OH rpymu riinepuny, yrsoproroun Hosuii axtuBauii -CH2O K' wmenrp, a

MIPOTOH 3aMHUKAE YTBOPEHUH MOJIMEPHUIA JaHIIIOT.

iy P P
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O/YO\)\O/YOJ\O/\“(OH 1
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Y Y Y
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Puc. 3. B°C SIMP cnextpu cunTe30BaHuX momiomnis: a — [1-1000, 6 — I1-700
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B nasenennx °C SIMP cnekrpax (puc. 3) Takox (iKCYOThCS CUTHAIHM JIAHIIOTIB TOJONIB TIPH
17.3, 73.1 ta 74.9-75.1 m.u., ski BigHOCATHCs BiamosigHo g0 — CHz, -CH20- ta — C*H(CH3)O- rpyn
[5, 13, 14]. Curnamu npu 19.5, 64.3 ta 66.3 M.4. BigHOCATBCS BiAmoBigHO 10 KinmeBux -CHz, -CH.OH
ta -CH(CH3)OH rpyn (puc.3a). 3a CHiBBIAHOIIEHHSM IHTETPAJbHUX IHTCHCHBHOCTEH CHTHAJIB
noriMepHoro yanmora npu 17.3, 73.1 ta 74.9-75.1 m.4. i curHainis KiHueBux rpym npu 19.5 ta 64.3 m.u.
MoxHa 3a popmyiioro Xn = 2*I/Ix oninutu crynine nomimepusartii. [ I1-700 Ta I1-1000 Bona ckiamae
BignoBigHo 10 Ta 15, mo y3romkyerscs 31 3HaUYeHHSIMH Xn, PO3PAXOBAHUMHUM 3 XpOMATOTpaM IMX
osiromepiB 11 Ta 16 (Tadu.).

TakuM YMHOM, MaKpPOMOJIEKYJIa OKCUIIPOIIIEHY, CHHTEe30BaHa 3 3acTtocyBanHsaM K-TiirepaTHoro
iHimiaropa, MictuTh Tpu BuUtbHHX OH-rpynm, omna 3 rminepuny i nBi kinneBux R-CH(CHs3)OH a6o
R-CH20H rpymu. Ile € kopucHoro iH}opmarliiero, ToMy 10 Taki HU3bKOMOJICKYJISIPHI MOJIONNW MU Aaii
BUKOPUCTOBYBaJHM, B poil craprepa, g nomimepusanii OIl B mpucyTHOCTI  LIMHK
reKcaliaHoko0albTaTHOTO KaTali3aTopa.

HactynHuM eranom JociipkeHb Oylio OJlep>KaHHs IMOJIIOKCUIIPOIiIeHIB B npucytHocti DMC
kataiizatopa (Arcol® Catalyst 3). Bimomo, 1110 OCHOBHOIO MPOOJIEMOI0 POOOTH 3 I[MM KaTaii3aTopoM €
3allyCK peakilii, SKUi TaJbMy€ThCS CIIJJaMH BOJAM 1 JIYIy B CTapTepi, a TaKOX YITKE TOTPHUMAaHHS
CHIBBIJHOIICHHS KiIBKOCTI craprepa 1 mnepmoi mopiii gomanoro OII. Ilicis aktuBanii DMC
katamizatopa, OIl B peaktop cimig noxaBatk y Tak 3BaHomy «red hoty xoedirienti [4], 1o
PO3paxoBY€EThCS SIK CHIBBIAHOIICHHS cyMapHOoi Macu aoxanoro OII miroc Maca craprepa 10 Mo4aTKOBOi
MacH cTapTepa.

3Bakaroud Ha TOKCHYHICTh Arcol® Catalyst 3, Hamu Oys0 po3poOJEHO METOAMKY BBEICHHS
CycIleH3ii IIbOro KarajizaTopa B cTapTep 3 OJep)KaHHAM CBiTIO-koBTHX moiioniB 3 Mn > 3000. Tax
30kpema, B 1°C SIMP crextpi ozmepsxanoro nomiony I1- 3100 (puc. 4) IOpiBHAHO 3 CIEKTPOM BHXiTHOTO
osiromepy (puc. 3 6) IHTCHCHUBHICTb MiKiB, 110 BIAHOCATHCS A0 JaHIOroBux MetwibHux CHs- (16.9-
17.2 m.4.), metuneHoBux -CHo-O- (72.6-73.5 m.u.) Ta metunuaux -CH(CH3)O- (74.6-75.5 m.u.) rpyn
3HayHO OuIblIa, HDK KIHLUEBUX TpyH, IIO0 UIIOCTPY€E ICTOTHE 30UIBIIEHHS TOBKMHHM TMOJIMEPHHUX
naHiroriB. CTymiHb MOJMIMEpH3allii 0JIep>KaHoro Moxiony ckiagae 71.

2
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Puc. 4. °C AMP cnextp momiony I1-3010, omepxanoro 3 3actocyBanasM DMC katamizatopa (Arcol®
Catalyst 3)
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3a pesyiapTaTaMud XpomaTorpadiuyHOTO aHami3y OJEP)KaHWM TIONION  XapaKTepU3y€EThCs

Mn = 3010, Mw = 6440, MP = 4280 Ta nosiaucnepcHicTio 2.1.

Bucnoerxu
Po3pobiieHo mporneaypy oAeprKaHHS OJIITOMEPIB MPOIIJICHOKCUY 3 3aJaHOI0 MOJICKYJISIPHOIO

Macoro B miarmazoni Mn = 500-1300 3 3acTocyBaHHSAM IIIilepary Kamito. 3M1HCHEHO CHHTE3 IOIONIB 3

Mn > 2000 3 3acTOCyBaHHAM IMHK rekcamianokodansTatHoro DMC karainizaropa Arcol® Catalyst 3.
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Catalytic polymerization of propylene oxide
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Polyoxypropylene with a molecular weight of one to several thousand is one of the key starting components
in the production of polyurethane foams, coatings and adhesives. In industry, polyoxypropylene is traditionally
produced by polymerization of propylene oxide (PO) using potassium or sodium hydroxides and low molecular
weight hydroxyl initiators, such as glycerol and propylene glycol. The significant number of side processes is the
main disadvantage of using alkaline catalysts, which leads to a decrease in the molecular weight of
polyoxypropylene. Modern double metal cyanide (DMC) catalysts allow the production of polyols with much higher
molecular weights and much lower polydispersity, but they are easily deactivated in the presence of low molecular
weight hetero-organic compounds. This paper presents the results of research related to the polymerization process
of propylene oxide in the presence of potassium glycerate and subsequent polymerization of PO using the resulting
oligomers and DMC catalyst (Arcol® Catalyst 3). The synthesized polyols were analysed by gel permeation
chromatography and **C NMR spectroscopy. For successful initiation of the polymerization process, the optimal
molar ratio of the first portion of OP to glycerol initiator is approximately 3:1, and the optimal feed rate of OP per 1
mol of initiator is about 1.5 mol OP per hour. A procedure for obtaining propylene oxide oligomers using potassium
glycerate with a given molecular weight in the range Mn = 500-1300 was developed. The synthesis of polyols with
Mn > 3000 was carried out using the effective zinc hexacyanocobaltate DMC catalyst Arcol® Catalyst 3. According
to 3C NMR spectra of polyols, the two terminal OH groups of glycerol form two polymer chains, the middle OH
group of the secondary carbon atom of glycerol does not participate in polymerization.

Keywords: propylene oxide, polyoxypropylene, polymerization
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Konsepcisi erano/s1y 10 #-0yTaHOJy Ha MiAbBMiCHMX KaTajgizaTopax
3 PO3aiJIEHHSIM NMPOAYKTOBOI cCyminIi

Amnaroaiii M. Bapsapin %, Ceitiana B. Ipyaiyc !, Oaekciii FO. 3inyenko 2, Ceitiana L. JleBunbka 2,
Irop B. llyunkuii 2, Boaogumup B. Bpeii !

Y Incmumym copbyii ma npobaem endoexonozii Hayionanonoi axademii nayx Yxpainu
eyn. Oneza Myopaxa, 13, Kuis, 03164, Yxpaina, e-mail: brei@ukr.net

2TOB «Bupobuuua zpyna Texincepgicy

Maxiiscoxuii npogynox, 1, Kuis, 04114, Yxpaina

B moBimomiieHHI TNpenCcTaBiIeHO pe3yabTaTd NO mNapodas3Hiid KoHAEHcalil eTaHoly M0 H-OyTaHOIy
2CHsOH=C;H9OH+H,O Ha MigpBMICHUX KaTami3aTopax. 3acTOCOBAaHO IIOCIIOBHY IBOPEAKTOPHY CXEMy 3
BUKOPHCTAaHHSM pO3pOOJICHOT0 HAaHEeCEHOro Karamizaropa mans peakmii ['epbe B mepmomy peaxTopi
(245 °C/0.6 MITa) i mpomucioBoro CuU-BMiCHOTO KaTaji3aropa AJsl TiApyBaHHs MPOAYKTOBOI CyMillli B IPyroMy
peaktopi (160 °C/0.6 MIla). Panime, B 2014 porii, nporec OyiI0 TPOTECTOBAHO HAMH HA MJIOTHIH yCTAHOBIN 3
nepepoOKoro 5 11 GioeTaHOy 3a roAuHy. 3apa3 MU po3poOWIM HOBHI HaHeceHmi | epOe kaTaizaTop i 3aMiHIITH
KaTanizaTtop TipyBaHHA. [ 0JOBHUM NPOIYKTOM € H-OyTaHOJ, BMICT SKOTO B TiJpOBaHil MPOAYKTOBIH cymimri
nocsirae 19 mac. % mnpu konBepcii eraHomy 30 % 3a oAMH TpOXiA MpH HaBaHTAXKEHHI Ha KaTaji3aTrop
12 mmonbe CoHsOH/Tar/Ton. [lpu migBuUIEHHS HaBaHTa)KGHHS Ha KaTalli3aTop B JBa pPas3w, BMICT OyTaHOIY
3MeHInyeThest 10 11 %, ane yTBOPIOETHCSI MEHILE JOMIIIOK.

[TpoBeneHO MoOAENIOBaHHS MPOIECIB PO3AITICHHS MPOAYKTOBOI CyMIlli 3 BHKOPHCTaHHSM IPOTPaMH
Aspen HYSYS vI2 Ta mnpopaxoBaHO MarepiaibHi Ta TeEIDIOBI OalaHCH 3alpPONOHOBAHOTO IIPOIECY
eTaHon — OyTaHojd. biok-cxema mporiecy BKIIOYAE PEAKTOPHUH OJOK Ta 4 CeKmii pO3AiNIeHHS: MOMepeTHs
cermapaitlisi, BUAICHHS JIETKUX MPOAYKTIB (€TUIaLeTaT, METUIICTHIIKETOH), 3HEBOTHEHHS PELUKIIOBOTO €TAHOY Ta
CeKIIisl BUJICHHS BKKUX MPOJYKTiB, sSKa MpaIfoe mij BakyymoMm. CymapHo 3acTocoBaHo 15 pextudikamiiHux
KOJIOH, SIKi MOKYTh 3a0€3MeUNTH BUAIJICHHS TaKUX TOBAapHHUX NMPOAYKTIB, K OyTraHoi-1, OyTaHon-2, eTuinanerar,
OyTHiamerar, METWJICTHIKETOH, OyTHJIOyTHpaT Ta 2-eTHArekcaHon 3 4uctotoro 99.9 mac. %. YcranoBka 3
BUPOOHMIITBA OyTaHOTY NOTPeOy€E CyMapHy BUTpaTy BOJASHOI mapu 8.4 T/T eTaHoiy, mo ekBiBaienTHO 630 Hv®/T
MIPUPOIHBOTO Ta3y, Ta enexTpoeHeprii 171 kBr-rox/t etanomy.

Knrouoei cnosa: eranon, n-6yranoin, Cu-BMiCHI KaTali3aTopu

Bcmyn

ByTaHon mHpOKO BUKOPUCTOBYIOTH SIK PEAreHT JJIsl OJIep’KaHHS aKpUiaTiB, INTIKOJIEBUX €TEpIB,
OyTHIJIOBUX €CTepiB, OyTHUIIaMiHIB, K 100aBKy A0 aBTOMOOUIbHUX MaJIUB Ta PO3YMHHUK IS JIakiB, Gpap0
1 nmomimepiB [1]. CpitoBuii nonut Ha O6ytaHon y 2023 p cTraHOBUB 5.5 MJIH TOH 1, SIK OUYIKY€ThCS, Ll
MOKa3HUK OyJie 3poctatu mopiuyHo Ha 3 % i gocsrae ~9.8 mun T y 2032 p [2]. B npomuciioBocrti #oro
OJIEPKYIOTh T1APOGOPMUTIOBAHHSIM MPOTMIJICHY CHHTE3-Ta30M 3 TOJAJIBIITNM T1IpyBaHHAM OyTaHamo [1].

Ha cporosani icHye iHTepec 10 pO3pOOKH OJHOCTAIIHHOTO METOLY OJep>KaHHS H-OyTaHOIy 3
Oioeranony depes peakmito ['epbe 2C2Hs0H — C4HoOH + HoO. Ileli kaTamiTHaHUI MPOIIeC BKITFOYAE
YOTUPU CTajii: JETIAPYBaHHS €TAaHOJNY JO aleTalbJeriay, HOTro aibJOJbHY KOHJICHCAIII0 B
3-TiapokcuOyTaHa b 3 JEriIparallito 10 KPOTOHOBOTO allbJICTiAy, SIKUi TiApyeThes 10 H-OyTanony [3].
Tomy moTpiOHO 3acTtocyBaHHA OiPYHKIIOHAIBHMUX  METal-OKCUIHUX a00 CHIHBHOOCHOBHUX
KatayizaTopiB. Pe3ynbratu TecTyBaHHS TaKWX KaTadi3aTOpiB B KOHBEPCIl €TaHOMY 10 H-OyTaHOIY
HaBeneHO B HemaBHboMy orisdi [3]. Hama yBara Oyia 3ocepepkeHa Ha JaHUX 10 mapodasHii, a He
pianHO(da3HIi KOHBepcii eTaHoNMy A0 H-OyTaHONy B MPOTOYHOMY pexkumi 3a temmepatyp 1o 300 °C i
tuckax g0 1.0 MIla. Cepen OocHOBHUX Karali3aTOpiB MOYKHA BHIUTUTH Timpokcuanatut [4], skuit
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3abe3neuye npu 350-440 °C cenextuBHicTh 3a OyTtanoioM a0 50 % 3 mapajelbHUM BUIUICHHAM
aleTaabAeriqy Ta BOAHIO. ABTOpH [4] BBakaroTh, IO 1€ MOXE CTaHOBUTH KOMEPLIHHHN iHTEpeC.
3mimani MgO-Al>O3 okcuan Takok 3a0e3meuyroTh CeJIeKTHBHE yTBOpeHHs Oyranony [5]. Tak, 18 %
BUXix Oyranomy Oyino gocsarayto Ha 3pasky MgO-Al;Oz (aromue Bimmomenus Mg:Al=2:1) 3
KOHBepciero eranony y 27 % mpu 300 °C/0.1 MITata LHSV =0.235 rox* [5].

Cepen OipyHKIIOHAIBHUX KaTaimizaropiB MokHa Buaiauta Ni/ZrOz [6], Cu-MgO [7] Ta
Cu/SiO2/Al203 [8]. B 2014 poui Hamu Oyio pospodiaeno CuO/SiO2/Al0Oz karamizarop, skuii OyIo
MPOTECTOBAHO Ha TMUIOTHIM YCTaHOBIl 3 MepepoOKoro 110 S5 1 O6e3BomHOTO OioeTaHONy 3a TOJHHY.
Karamizarop 3abesmeuyBaB ~25 % kouBepcito eranoay mpu 230-245 °C/0.5MIla 3a omuH mpoxix 3
CEJIEKTUBHICTIO 3a H-OyTaHonoM Ha piBHI 80 %. Bmict #-OyTaHoiy B HpOAYKTOBIM CyMillll MICIS peakTopa
rifipyBaHHs ctaHoBUB 15 mac. % [8]. Otpumani JaHi MO0 CKJIaAy MPOAYKTOBOI CyMillli, HABAHTKEHHS Ha
KaTami3aropy 1 ix npoaykTuBHOCTI Oyno mepenano TOB «Bupobuuua rpyma TexincepBicy it po3poOKu
napodazHoi TEXHOIOT1 ofiepskaHHs H-OyTaHoimy 3 6ioeTaHoy. 3rogom, B 2021 pori MU OBEPHYIIUCS JI0 IIOTO
nporiecy o0 po3poOHTH OUTHII MPOCTHH, HAHECEHW KaTali3aTop, TOMY IO BUTOTOBJICHHS MOMEPEIHBOTO
notpeOyBalio cTaiidi po3mody i TabieryBaHHs. TakoX IJIaHYBAIOCh 3HAWTH CEJICKTHBHUN TIPOMHCIIOBUI
KaTtajizaTop AJis TiApyBaHHS MPOIYKTOBOI CyMIIlli.

B 11b0My NOBiIOMJICHHI HaBEIIEHO PE3yJIbTaTH TECTYBaHHs 3alpOINIOHOBAHUX KaTalli3aToOpiB Ha
nabopaTopHiii yCTaHOBII, a TaKOX JaHI I[I0JI0 MOJETIOBAHHSA TEXHOJIOTTUHOI CXEMH pPO3JAUICHHS
MPOAYKTOBOI CyMillli 3 METOI0 BHIUICHHS TOBapHHX #H-OyTaHomy, OyTaHONy-2, eTujalerary,
METHJICTHIIKETOHY, OyTHIIAIeTaTy, Oy THIIOYTHPATy Ta 2-€THIITCKCAHOITY .

Excnepumenm

3pa3ku KaramizatopiB Juisd peakuii 'epOe, 3 HaHeCEeHOIO (a30i0 OKCHUIY Mijll, TOTYBaJI METOJOM
MIPOCOYYBaHHS IPaHYIbOBAHUX OKCHJIIB BOJHUM PO3YMHOM HITPATy MiJli 3 MOJAJIBIINM IX BUCYIIYBAHHSAM
npu 120 °C i npoxkaproBanssiM nipu 400 °C, 4 rox.

[Tapoda3Hy KoHAeHcalli0 €eTaHONMy B H-OyTaHOJ B IMOTOLI BOIHIO 3[iMCHIOBaIM B MapoBii ¢asi 3
BUKOPUCTAHHSIM, SIK OJJHOTO IIPOTOYHOTO PEAKTOpa 3 HeprKaBitovoi cTaii JiameTpoM 11 MM 31 cTalioHapHUM
mapoM Kataiizatopa (4T, 7cM®), Tak i JBOX TOCHIJOBHO 3’€HAHMX peaKTopiB. B apyruii peakTop
3aBaHTaXyBaJIM KaTaji3aTop Ui TiIpyBaHHS HPOTYKTOBOI CyMilll 3 mepmioro peakropa. [lomepenHbo
3pa3Ky BIJHOBJIIOBAIM B IMOTOL BOJHEBO-a30THOI cymimti (1 :4 3a 00’eMoM) npu JIiHIKHOMY MiJIBUILICHH]
temneparypu Big 160 no 240 °C Bnponosxk 6 roa. B inrepani temneparyp 230-240 °C BinHOBIEHHS
MPOBOJIMIIM YUCTUM BOJHEM. B mepriomy peakropi Temmeparypa peakuii ctaHoBuwia 245 °C, B apyromy
peaktopi 160 °C. Peaxuiro npoBoawmm mif TuckoMm y 0.6 MIla mpu noroui BogH0 y 50 Mi/Tiar/Ton. ETanomn,
3HEBOJHEHUH Haj 1eositoM NaA, mogaBany B nepimii peakrop HacocoM Waters-590 3 HaBaHT@)XEHHSAM Ha
karanizatop 20-12 mmons CoHsOH/rar/ron. TIpomykTn peakuii aHamisyamu 3 BukopucTanHsm —C SIMP
cnekrpockorii (Bruker Avance-400) Ta razoBoi xpomatorpadii (Agilent 7820A).

Pezynomamu ma ix 062060penns

Byno mporecroBano B peakiii ['epbe micte HOBuX HaHeceHHX Cu-BMICHHX OKCHIIB. Sk
npukiaja, B Ta0n. 1 HaBeneHO CKiaa MPOJYKTOBUX CyMimleil 1 JBOX HalOumbil edexktuBHuUX B-2 Ta
B-3 karanizaropiB y nopiBasiHHi 3 nonepeaniMm Cu/SiO2/Al03 3pazkom, oxepxkanum y 2014 poni. Hosi
3pa3ku 3a0e3nedyroTh KOHBepciro eraHony Ha piBHI 40-50 % mnpu 245 °C/0.6 MIla, mnst Oinbin
ceneKTUBHOro B-3 BMicT #-OyTaHoy B IpOAyKTOBIN cyMili ckinaaae 17 mac. %.
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Ta6auusa 1. Cxiag npoayKTiB KOHIACHCAIll eTaHOay B H-OyTaHos (Mac. %) Ha pi3HMX KarajizaTopax
245 °C/0.6 MIla, 20 mmose CoHsOH/ryar/To1)

Kartanizarop | EtOH | #-BuOH | 2-BuOH | BuOAc | EtOAc | MEK | AcH | Tumi ™ | Xewon, %
B-2 49 11 1 4 14 2 3 16 51
B-3 59 17 0 1 5 1 3 14 41
Cu/SiO2/Al;03 57 19 0 1 3 0 3 17 43

* nietunosuii eTep, 1 - eTokcieTaHos, OyTUIOYTiparT, 2 - eTUIreKCAHO

["010BHUM TPOJYKTOM MEPETBOPECHHS €TAHOIY Ha BCIX Karamizaropax € #-OyTanon. OCHOBHHUMH
NOOIYHUMHU TPOAYKTAMH € JIeTWIOBUH erep Ta ermnanerar. CIOCTepiraeTbCs TaKOXX YTBOPEHHS
aleTanb/eriy, MEeTUICTUIKETOHY, 2-OyTanony, l-eTokcueranony, OyTunanerary, OyTHiIOyTupary, 2-
CTHJITEKCAHOJY Y HEBEJIIMKHUX KUTBKOCTSX (Tadu. 1).

[TpomykToBa Ccymiml 3 HEpHIOrO peakTopa, sKa Mae >KOBTYBATHH KOJIP 1 MICTHUTH JOMIIIKH
QJIBJICT1/IIB T HEHACUYCHUX CIIOJIYK, HE € CTa0lIbHO0, TOMY ii MOTpiOHO riapyBaTH. Byno nporectoBaHo
TPH TPOMHCIOBUX MiJBbBMICHUX KaTaiizatopa ¢ipmu Unicat Ha MOJENBHHUX CyMilIax, OJM3bKHUX 32
CKJIaJOM 110 HaBeneHoro B TaOiu. 1. 'omoBHUM Kputepiem Oyno 3HmwkeHHS a0 < 1mac. % Bwmicty
ameranpaeriny i Oyranamio. B Ta0m. 2 HaBeleHO CKIaa MPOAYKTOBHX CyMilIeH, OJEepKaHUX B
nBopeakTopHii cxemi Ha B3 ta Unicat MS kartanizaropax npu pi3HHX HaBaHTaXKEHHsX Ha B-3.

Ta6auus 2. Cxinax TpoAyKTIB KOHJEHCAIlis eTaHoiay B Oyranon (mac. %) Ha B-3 karamizaropi
245 °C/0.6 MIla) 3 HacTynHuM TigpyBaHHsaM npoaykTiB Ha Unicat MS karamnizaropi (160 °C)

EtOH

n-BuOH

2-BuOH

BuOAc

EtOAc

MEK

AcH

Tammi *

X EtoH, %0

69.77

18.7

0.9

1.0

4.1

0.5

0.2

4.9

30.3

7387

11.3

15

1.0

7.5

1.0

0.3

3.6

26.4

* . o
NieTHIOBUH eTep, OyTaHab, 1-eTOKCHETaHO, 6y THIOYTHPAT, 2-eTUIIF€KCAHOIL;
™ npu HaBaHTaxkeHHI 12 MMoib EtOH/Ty/Tox;

*k

* 1ipu 23 Mmoib EtOH/ryar/Tost

[Ticnst rigpyBaHHS CIIOCTEpIraeTbcsl 3MEHIIEHHS BMICTY albJEriiiB 1 MIABUIIEHHS BMICTY
eTaHoy. 30UIbIIEHHS Yacy KOHTAKTYy, TOOTO 3HM)KEHHS HaBaHTa)XKEHHS Ha KaTali3aTop, MPUBOAMUTH 0
MIJBUIIEHHS BMICTY H-OyTaHONy, 1 HpU IIbOMY 30UIBLIYEThCS KUIBKICTh WIHHUX Cg KO-TIPOAYKTIB
(6ytundytupat, 2-etrirekcanon). KomepiiiitHo npuBabIMBUM € Te, 110 YTBOPIOETHCS 3HAYHA KUTBKICTh
eTHUaleraTy, OyTHaameraTy Ta METHJICTHIKETOHY (Ta0i. 2).

Karanizatopu B-2 a6o B-3 moxyTh 6yTu HapoOJieH1 Ha 3aMOBJIEHHS BIIOMUMH KaTalli3aTOPHUMHU
¢dipmamu. Hanpuknan, mus mopidHoro BuUpoOHHNTBa H-Oytanomy y 5000 1/pik HEoOXimHO 6-7 T
KaTaJizaTopa, K’ MOKe TpaIffoBaT 0e3 3aMiHH, K TIOKa3ye Halll TOCBiJ, O1IbIIe JBOX POKIB.

Mooentosanus po3oineHus npooyKmosoi cymiuii

BuxigHumu naHuMH IS MOJETIOBAHHS CIYTYBalld €KCIEPUMEHTAaJbHI CKJIAau MPOAYKTOBUX
cyMillieii, 30KkpemMa HaBezIeHi B Ta0. 2, a Takoxk JaHi nmateHty [8]. Peakiiitna cymir, 1110 HAIXOAUTh y
0JIOK PO3/IJICHHS TIPH BUPOOHUIITBI H-OyTaHOIY € 0araTOKOMIIOHEHTHOK CHCTEMOIO 1 MICTUTh €TaHOI,
H-OyTaHON, BOAY, aIbJEriau, €CTepd Ta IHLI MPOAYKTH, IO YTBOPIOIOTHCS BHACHIJOK IMOOIYHUX
peakuiid. IloTik mepen poO3AUIEHHSIM YacTO XapaKTepU3YEThbCsl JIBO- ab0 HaBITh TpU(a3HOIO
MOBE/IIHKOIO — ITOE€JHYIOUN MapoBY, BOAHY Ta opraHiuHy piaki ¢as3u. Taka cknamHicTe Ge3rnocepeaHbo
BIJIUBAE Ha MOJICIIOBAHHS: JUIsl TOYHOIO ONUCY (pa30BUX piBHOBAr MOTPiOHI TEPMOJWHAMIYHI MOJIENI,
3/1aTHI KOPEKTHO BIATBOPIOBAaTH CUJIBHO HEilealdbHI CHCTEMHU 3 a3€0TpONaMHu Ta PIIAUHHO-PIIMHHUM

posmapyBaHHsaM. Lle oOMexye 3acTOCyBaHHS MPOCTUX PIBHOBAKHUX OMHUCIB 1 BUMarae BUKOPUCTaHHS

Catalysis and Petrochemistry, 2025, 36



Kamaniz ma nagpmoximisn, 2025, Ne36 79

takux cydacHux moaeneit, sk NRTL un UNIQUAC, saxi crnuparoThCcsi Ha BEJHKI €KCIIEPUMEHTAJbHI
MacuBH OIHAPHUX 1 TEPHAPHUX JTAHUX.

Yci MozenbHI po3paxyHKH BUKOHYBaiucs o mporpami Aspen HYSYS v12 i3 3acrocyBanHAM
po3mupeHnx O0aHkiB ¢izuko-ximMiyHuX nanux Aspen Properties, DIPPR 801 ta DECHEMA VLE/LLE,
mo 3abe3nedyBanio KOpPEKTHE TMPEACTABICHHS BIIACTUBOCTEH OaraTOKOMIIOHEHTHOI Ta BHUPaXEHO
HelieanbHO1 peakiiitHoi cyminri. OCKUIBKH CUCTEMa XapaKTEePU3YEThCS HASBHICTIO KiIJIBKOX a3€0TPOITiB,
MOXIMBICTIO  PIIWHHO-PIIMHHOTO PpO3IIApyBaHHS Ta CHUJBHOIO BIJIXWJICHOK ITOBEIIHKOI  BiJ
171eabHOCTI, 0COOJIMBA yBara MpUAULUIACS BUOOPY TepMoauHaMiuyHO1 Moaeni. st onucy piakoi dhazu
BHKOPHUCTOBYBABCS Y—(Q-MiAXiJ, J€ aKTUBHICTb KOMIIOHEHTIB BH3Hayajach MOJEIAMH KOe(DIIiEHTIB
aKTHBHOCTI, a mapoBa (a3a omucyBanach piBHAHHSAM cTtaHy Peng-Robinson. Ilomepenni mopiBHSHHS
mozaeneir NRTL, UNIQUAC Ta Wilson mnpoaemonctpyBanu, mo came NRTL 3 mapamerpom
HecuMmeTpuyHocTi o y Mexax 0.2-0.47 maiikpaie y3romxyerbes 3 JiTepaTypHumu nanumu VLE mns
KItouoBUX OiHapHHX cucteM, BkItoyatoun EtOH-H20, EtOH-BuOH Tta EtOH-DEE. V¥V pa3i Baxuux
KOMITOHEHTIB, Ui SKUX BIJICYTHI €KCIIepUMEHTalIbHI OiHapHi Koe(illieHTH, BUKOHYBAajach perpecis
napameTpiB Ha ocHOBi poctynHux aanux DECHEMA Tta xopemsumiit 'anca—Kpamepca, 110 103B0JIsII0
YHUKHYTH HITYYHUX DPO3PHUBIB y IMOBEPXHI AKTUBHOCTI Ta 3a0e3MedyBajio KOPEKTHICTh PO3PAaXyHKiB
BITHOCHHX JIeTKOCTeH. CTPyKTypa KOMIIOHEHTIB 1 TEMIEPaTypHO-KUIUISUA i€papXisi BCTAHOBIIOBAIUCA
3a nmomoMoror mnodynoBu T-X—y Ta P—X—y miarpam ans BCiX pelieBaHTHHUX Map, L0 JAl0 3MOTY
iIeHTu]iKyBaTH a3€0TPOIHI TOYKU Ta OLIHUTH MEXI, B SIKUX MOXJIMBA 1HBEpCisl BITHOCHUX JIETKOCTEH
npu 3MiHI THCKY. JlogaTkoBO aHamizyBajuch 00JacTi MOTEHLIWHOTO YTBOPEHHS PiAMHHO-PIIUHHOL
piBHOBAru AJisi BaXKKUX OKCHreHaTiB, ockiibku LLE icTOTHO yckiiagHioe 301KHICTh peKTU]iKariiiHux
KOJOH Yy CKIaQAHMX OaraTOKOMIOHEHTHUX cucTeMax. Llsg momepeaHs TepMOAMHAMIYHA OIlIHKA
¢dopMyBana OCHOBY JUIsl IPAaBUIBHOTO BUOOPY poOOYOro Jiana3oHy THCKIB 1 KOH(]Iryparii po3aisioBoro
OIOKY.

MonentoBaHHS peakTopa BUKOHYBAJIOCS 13 3aCTOCYBaHHSIM MOYJISl peaKTopa KOHBEPCii, y SKOMY
CTYIiHb TIEPETBOPEHHS Ta CEJIEKTHBHICTh BCTAHOBJIOBAJKCS BIAMOBITHO OO0 EKCHEPUMEHTATbHO
BHU3HAUEHOTO CKIAAy BXIJHOTO Ta BUXIJHOTO MOTOKiB. Takuil miJIxXiA AO3BOJSB KOPEKTHO BiATBOPHUTH
peanbHUi XiMiuHUM OanaHCc cucTeMu Oe3 MPHUIYIIEHb 11010 KIHETUYHUX MapaMeTpiB. Tensosi epextu
peakilii BU3HAYaIMCS 3a IOBIIKOBUMH 3HaueHHAMHU 3 0a3 manux Aspen/DIPPR, mo 3abesmedyBaio
BHYTPIIIHIO Y3TO/KEHICTh MaTepiajbHUX Ta EHEPreTUYHUX OaJIaHCIB Y MOJICIIIOBAHHI.

PextudikamiiiHi KOJOHM MOJENIOBAINCA HAa OCHOBI METOJNy TEOPETHUHUX TapijioK, SKUH
nependaydae piBHOBXHHUM 00MiH Mik (pazamu Ha KOKHOMY cTymneHi. Takuil miaxi € CTAaHIaPTHUM AJIs
MOTIEPEHHOT0 TMPOEKTYBaHHSI OJIOKIB PO3IUIEHHS, OCOOJMBO B CHCTEMaxX 13 3HAYHOIO KIIBKICTIO
KOMIIOHEHTIB 1 BHPAXEHOIO HeiJeanbHICTI0. HasBHICTH a3€0TpOmiB yCKIaJHIOBaJda 301KHICTb
pekTH]IKAIMHUX MoJeNell, TOMY JJIs JOCATHEHHS cTabiIbHOI KOHBEPIeHIil 3aCTOCOBYBABCS aJlTOPUTM
Inside-Out i3 >KOPCTKMMHM YHCETPHHMH TapaMeTpaMH Ta 3MEHIICHHM KpOoKoM 30ixkHocTi. [licms
OTpPUMaHHS CTIMKOTO PillIEHHS MPOBOAMBCA aHAII3 YYTIMBOCTI 100 KUIBKOCTI TEOPETUYHUX TapiJIOK,
poGoyoro THCcKy, criBBinHomeHHs L/V Ta Bapiamii Oinapuux napametpiB NRTL y mexax + 10 %, mo
JIO3BOJIMJIO OLIIHUTHU CTIMKICTH 1 HAAIMHICTh MOJIENI.

[TinTBEepIKEHHS] TEPMOJMHAMIYHUX  PO3PAXYHKIB  MPOBOAMIOCS  IIISAXOM  TOPIBHSHHS
po3paxoBanux VLE-maHux i3 nmiTepaTypHUMHU 3HAYEHHSIMHU, JIe cepeHs abCONIOTHA BiHOCHA MOXHOKa
JUIS KIIIOUOBUX CHUCTEM He mepeBuinyBana 4-7 %, a TemmepaTypu a3eoTpOMiB BiATBOPIOBAIUCS 3
touHicTio A0 1.5 °C. PeakTopHa 4yacTMHA Y3TO/KyBalacs 3 €KCHEPUMEHTAIbHUMH JaHWUMH. MacoBi
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Oammancu cxomwincs 3 TouHicTio Kpamoro 3a 0.1 %. JlomatkoBi sanity-checks miaTBepmkyBamu
JOCTOBIPHICTh MOJENi: MaTepiadbHuil OanaHc nepeOyBaB y niamaszoHi 99.95-100 %, enepreTuunuii —
99.8-100.3 %, a 3HaueHHS TEIUIOBUX HaBaHTa)XeHb, CIHIBBiAHOUIEHHS (a3 Ta mpodini Temmeparyp
BIIMOBIIAJIM THUIIOBMUM TIPOMHCIOBHUM 3HAYCHHSAM JUIs KOJOH TomaiOHOT KoHpirypamii. Pazom 1mi
YTOYHEHHS Ta TIEPEBIPKU 3a0€3MeUylOTh BHCOKY BIATBOPIOBAHICTH MOJEIIOBAaHHS 1 OOTPYHTOBAHICTh
OTPUMaHUX TEXHOJIOTTYHUX BUCHOBKIB.

Onuc mexnono2iynoi cxemu

Peaxmopnuii 610k

CBiXHMIA €TaHOM 3MIIITYIOTh 13 PELUKIOBUM MMOTOKOM, MTOBHICTIO BUIIAPOBYIOTh Ta HArpiBalOTh 10
TEeMIIEpaTypu peakiii, BUKOPUCTOBYIOUH TEIUIO, IOBEPHYTE 13 CEK1Iii KOHEHCAllIl Ta 0XOJIOIKEHHSI.

[Tepmmii peaktop (R-101) peanizye napodazny I'epOe-koHaEHCAIlII0 €TAaHOY 32 BKa3aHUX BHIIIE
yMOB 1 Karamizaropax. TeruioBuil edekT i€l cymMapHOi peakiii € eHJAOTEPMIYHUM 1 OLIHIOETHCA Yy
50-70 x/I>x TemnoTH, 110 MOTJIMHAETHCS HA KOKEH MOJb YTBOpEeHOro H-OyTanoiy. Came Taka BeIMYHMHA
TEIUIOBOTO  HABAHTAXKEHHS 3yMOBIIOE HEOOXITHICTH Yy  BHCOKOTEMIIEpaTypHId MaciocucTeMi
(remmmonociit HTO-1), axa momae Temno y3A0BXK TpyO 3 KaramizaTopoM Ta 3amobira€ yTBOPEHHIO
JIOKAJIbHUX XOJIOAHHX 30H 1 He0a)KaHUX TPa/Ii€EHTIB TEMIEPATypH.

Hpyruii peaktop riapysanss (R-102) mpairroe 3a Hux401 TeMrepaTypH Ta €0 HUKUOTO THCKY:
y TpOBEICHOMY JOCHI/KEHHI TeMmmeparypa B Imapi Karajizatopa craHoBmia Ommspko 160 °C, a
abcomoTHHM TUCK — Omu3bKo 0.49 MIIa. Peakii rigpyBaHHs € €K30TePMIYHUMU; X TEIUIOBI €PEeKTH 3a
pPI3BHUMHU JDKepelaMu JiexaThb y Mexax Bifg -55 mo -110 x/[x/monb pearenty. Temmora peakTtopa
BUKOPHUCTOBYETHCS Y CEKI[i1 PO3IIIICHHS.

Cexyis 1 nonepeonvozo po3oinenns

["a30BwHii MOTIK 3 APYroro peakTopa HAMPAaBISIOTh HA CEKI[IO MOMEPEIHHOTO PO3ALICHHS, KU
CKJIQJIa€ThCS 3 ABOX MOCIIOBHO 3’€qHaHNX pekTudikariitaux amapariB T-101 ta T-102, mo mpaioTh
y PeXHMi a3e0TPONHO-O0OMEKEHOI0 PO3JITICHHS 3 MOAAIBIIUM THCKOBUM 3CYBOM (ha30BOi PIBHOBArH.
ITepma xosmona (T-101) 3milicHioe a3eoTpomHO-OOMexeHe (pakiioHyBaHHS 3 OOKOBMM BiOOpPOM
€TaHOJIBMICHOTO MOTOKY, TOJi sk Apyra kojoHa (T-102) ¢dyHkuioHye sik pektudikamiiHa KojloHa 3i
3MIHOIO THICKY, SIKHH 32 PaxyHOK MiABHIIEHOTO THUCKY 3MIHIOE BiIHOCHY JIETKICTh CEPeIHBOKHUILITUNX
KOMIIOHEHTIB, HE pYHHYIOUH MPHU IbOMY BUXITHUX a3€0TPOIHUX CITIBB1THOLIEHb y CUCTEMI.

Taka komOiHalisl [03BOJISIE IIJIECIIPSIMOBAHO KEpPyBaTH BIIHOCHOIO JIETKICTIO KIIFOUOBHUX
KOMIIOHEHTIB (€TaHOJy, BOJM, JIETKMX OKCHI'€HaTiB Ta OyTaHONIB), CTaOlLTi3yBaTH CKJIaa IMOTOKY 3
peakTopHOro O5IOKYy Ta cdopMyBaTH OKpemi ¢Gpakiii I MoJaibIIoro po3aiieHHs. OCHOBHHUMHU
GbyHKLIsIMU OJIOKY €:

- BHWJIYYCHHS JIETKMX KHCHEBMICHUX TIOOIYHMX NPOIYKTIB (albJeriiu, eCTepH, eTepH) Yy
«TOJIOBHY» JIETKY (ppakiiito y kononi T-102;

- (dopMyBaHHS €TAaHOJIBMICHOTO IIOTOKY KOHTPOJILOBAHOTO CKJaay, SKHH TOBEPTAETHCS B
konouny T-101;

- KOHIEHTPYBaHHS BOJAM, €TaHONy, OyTaHOJIB Ta BaXXYMX €CTEPIB B MOTOII AJIs MOAAIBIIO]L
cemapariii y cekiisix 4 ta 5.

Hpyra xonmona T-102 mpairoe mpu MigBUIIEHOMY THCKY Ta 13 TEMIEPaTypHUM J1ala30HOM BiJ
~145 °C y BepxHiit yactuni 10 ~182 °C y ky06i. XKupnennam ans T-102 € eranonBMmicHHI OOKOBUi
notik 3 T-101. IlizBumenuit Tuck y KomoHi T-102 cyTTeBo 3MiHIOE (Da30By MOBEIIHKY
0araTOKOMIIOHEHTHOI cyMmimi. Y KyOi KOHIEHTPYIOTBCS JIETKi JOMIIIKH, a JUCTUIAT-€TAaHOJIBMICHUHN
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MOTIK PEIUPKYII0EThCs Ha KojoHy T-101 y sikocti diermu Tomy, IO TPH BHCOKOMY THCKY BIiH €
HaWJIETKIIIMM KOMIIOHEHTOM Y IIiil CyMiIlIi.

Cexyis 2 6udinenHss mogapHo20 emuiayemumy, MemuinponioHamy ma MemuiemuiKemoHy

Ils cekmis npu3HayeHa I BWJIYYEHHS Ta OYHMINCHHS NOOIYHHMX €CTEepiB 1 KETOHIB, IO
YTBOPIOIOTHCS BHACHIIOK MOOIYHMX pPEaKId y Mpoleci Karajaidy Ta MPUCYTHI B PeakKIiiHINA cywmiIi B
KOHIICHTpAIlisIX, JOCTaTHIX I 1X €KOHOMIYHO JOIUIBHOTO BHAUICHHS. TEXHOJOriYyHAa cXeMa CeKIIil
BKJIFOYAE YOTHUPH peKTHdIKaIiiiHI anapaTtv, (QYyHKIIOHAJIBLHO 3rPYINOBaHI y JBa HE3aJekHI OJIOKH.
[Tepmmii 6JIOK CKIama€ThCs 3 €KCTPAKTUBHOI PeKTU(]IKAIIMHOI KOJIOHU JJI BUAUICHHS €TUIAICTATy 13
BUKOpHUCTaHHAM mnporniiaeHrikomo (I1I7) sk cenekTMBHOTO pPO3YMHHHKA, Ta OKPEMOi JECOpOIIHHOI
koJioHH i peredeparii [1I7. IIpomineHriikoas 3Ha4HO 3HMKYE aKTUBHICTh BOJM Ta €TAHOJNY B PIAKIN
(ha3i, 30UIBITYI0YH BIAHOCHY JICTKICTh €THUJIAIIETATY, [0 POOUTH MOXKIMBUM HOTO €EKTUBHE BUITYyUCHHS
6e3 HeoOXiTHOCTI MIMOOKOT BaKyyMHOI peKTudikaiii.

Hpyruii 010K CKIaJaeThCs 3 JABOX KOJOH Juid BinmineHHs MertwietunkeroHy (MEK) Ta
METWIINPOIMIOHATY BiJl JIETKUX PEaKIIHUX JOMIIIOK, BKIOYaloyn OyTaHanb. JIerki JOMIIIKK
KOHIICHTPYIOThCS Y BEPXHIX IMMOTOKAX 1 HANPABIISIOTHCS J0 MAIMBHOI CHCTEMH 200 Ha CHAFOBAHHS, TOJI
sk ounieni MEK 1 MmeTunmpomnioHar BUIy4aroThCsl SIK TOBapHI MIPOTYKTH.

Cexyis 3 8uOaienHs ma o4uCmKa peyuriogo2o emanoy

Cex11ist BIIMOBIAA€ 32 BUIIYUYCHHsI €TaHOIY 3 KyOoBOro mpoaykry kojioHu T-101 ta noBeaeHHS
HOro SIKOCTI JI0 PIBHS, MPUAATHOTO YIS TIOBEPHEHHS B PEaKTOPHUHN KOHTYp. CeKIlis BKIFOUAE YOTHPH
pekTudikaiiiiHi KOJOHH, MOOYJOBaHI 3a MNPUHLIUIIOM IOEJIHAHHS EKCTPAKTHBHOI Ta TpaauIiiHOL
pekTHudikarii.

[lepma xosnoHa cekmii mpuiiMae kyOoBui motik 3 T-101 Ta 3milicHIOE loro po3jileHHs 3a
JIONIOMOTOI0 €KCTPAKTUBHOI peKTH]iKallii 13 3aCTOCYBaHHSAM CEJIEKTUBHOIO PO3UMHHMKA. BUKOpHCcTaHHS
TAKOrO PO3YMHHHMKA  YCyBa€ HEOOXIAHICTh piaIuHO(A3HOI [eKaHTalii, MPUTAMAHHOI KJIACUYHUM
mporecaM po3JIIeHHs MpoaAyKTiB ['epbe-cuHTe3y, Ta 3a0e3nedye BUCOKY €(EKTHUBHICTD MOALITY €TaHOJ—
OyTaHOI—eTUI0yTHpAT.

VY pesynbrati poboTH mepiioi KOJIOHH (GOPMYEThCS €TaHOI-BOJHA (pakilis, sKa HAIXOAUTH 10
Apyroi KOJOHHM CeKlii, /&€ MPOBOJAUTHCA 11 eKCTpakTHBHA JerifpaTalis HpomuieHraikoaeMm. Tpets i
YeTBepTa KOJOHM TMPU3HAYEHI MJs pereHepaiii CeNeKTHBHOTO PO3YMHHUKA 1 MPOMIEHTITIKOIIO,
MiHIMI3yI04H IX BUTpATY.

Cexyis 5 0ns euoanenus mosapHo2o H-0ymaHomny, Oymanoay-2 ma emuioymupamy

Ha miit cexii 31iiCHIOIOTh PO3/IITICHHS] Ta OYUIIEHHS Ba)XKUX OKCHIEHATIB 1 CIIUPTIB KyOOBOTO
npoaykty kojonu T-101 micns momepenHboi o0poOku B cekmii 4. Cekilisi BKIOYAE I'ATh
peKTH]IKAIIMHUX KOJOH, 110 (OPMYIOTH IOCHIIOBHY CXEMY OUMINEHHS OyTaHoioBoi ¢pakmii. L{s
CeKIIisl MOTpedye BaKyyMmy.

[lepma  KomoHa  ceKmii —amapaT  eKCTPakTUBHOI  pekTudikamii 3  BUKOPUCTAHHSIM
NPOMUICHTIIIKOMO, M0 3a0e3leuyye MiJBUIIEHY CEJIeKTUBHICTb Yy pPO3AUIeHHI OyTaHONIB BiX
eTUIOyTHpaTy Ta i30MepiB eTHJIOyTHpaTy. Y BEpXHIM uYacTHHI amapaTa KOHIEHTPYETbCS CyMIIl H-
OytaHoiy Ta OyTaHONy-2, TOAlI K y KyOOBif YacTWHI 3alMIIAIOTbCA BaXKi ecTepH, IO Hajgali
HAMPAaBIIAIOTHCS HA CIIATIOBAHHS.

Jlpyra xosioHa 311HCHIOE pereHepallio MpOoMiJeHINIIKOII0 Ta HOro MOBEPHEHHS B €KCTPAKTUBHY
KoJIoHy. Tperss KojloHa BHMKOHY€ pO3AUICHHA H-OyTaHOodny Ta OyTaHomy-2 (3a HeoOxinmHocti). s
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BUPOOHUIITB, JIe¢ PO3AUICHHS 130MepiB HE MOTPIOHE, IS omeparliss MOXe OyTH MpOoIyIIeHa, 1 OyTaHOI!
BiJIBOJISITHCS € JMHUM TOBAPHUM ITOTOKOM.

YerBepTa KoJIoHA cTabLni3ye OyTaHoi-2 10 ToBapHOI yucToTH 99.9 %, 1’sTa KoJoHa - cTabinizye
OyTunOyTupaT Takox 10 piBHA 99.9 %. Ycworo B mporueci po3aiieHHs 3a1igHo 15 pextudikamiiftaux
kos10H. Hikue HaBeneHo 00K cxeMy eTaHOJ — OyTaHOJ MpoIiecy.

ETaHon

Cekuja 1 Miy

mn - Off-Gas .
enepeHboi 2 4 EVCOKOTEMMEDPATYD
cenapauji HOro TenAoHOCIA

PeUWKIOBWIH ETaHON

Cekuja 2 Etwnauetar
BraineHHA nerkmx MeTtunnponioHat
NpoayKTi Metmnnetunketod (MEK)

CeKuja 3
3HeBOAHEHHA

ETAHOMY

Cekujia 4 ByTanon 1
BUaineHHA BarKKUX bytanon 2

MPO/AYKTI EtunByTtupat

bnok cxema eranon — GyTaHOJI IIpoLecy

MoientoBaHHSI TOBHOT TEXHOJIOTIYHOI CXEMHU OUYHIIEHHs OyTaHOIy MOKa3aJio, 0 HaBiTh 3a ykKe
CKJIQJTHOTO CKJIaJTy TIOTOKY MICJISI peakTopiB (eTaHoi, H-OyTaHo, 2-0yTaHO, JIETKI aJIbJIeTi/IA, eCTepH Ta
BEJIMKAa KITBKICTh BOJM) MOXIIMBO JIOCSATTH 33JaHUX BUXOJIB 1 YHUCTOTH NPOAYKTIB. MojemoBaHHS
MOKa3ajio, IO MICIs MPOXOPKEHHS BCIX CeKIid OyTaHonoBa Qpakiis mocsrae auctoTd > 99.9 %, a
eranon — He MeHme 99.8 %. OgHo4acHO 3 UM y MOTOI MOOIYHUX MPOIYKTIB OYyJiIM CKOHIIEHTPOBAaHI
QJIBJIET1IA 1 eCTepH, IO JO3BOJISIE TX KOMEPI[iiTHE BUKOPUCTAHHS.

Po3paxoBaHi TeIUIOBI HaBaHTAKEHHS Ta BUTPATH €HEPrii JAEMOHCTPYIOTh EKOHOMIYHY
JIOIITBHICTh 3alpOTNOHOBaHOI cxemu. [[ns 6a3oBoi koH(iryparii 06e3 TErIoBOi 1HTErpaiii muroMa
SHeProeMHICTh po3auieHHss craHoBmwia 10-12 MJDx/kr  u-OyTaHoiy. 3ampoBaKeHHS TEIJIOBHX
pekymepariii Ta 3B’ 13yBaHHs peOOMUIIEPiB KOJIOH JIO3BOJIMIIO 3MEHIIIUTH €HEPrOBUTPaTH 10 5-6 Mk Ha
1kr n-OyTaHomy, o y3romKkyerhes 3 5.3 MJIk/kr [9] ans cxemu po3/iieHHs alleToOH-0yTaHOI-€TaHOIT.

AHa3yI0YM CKJIaJ BHXIAHMX TMPOAYKTIB Ta IX coOiBapTicTh Ha puHKY (Tabim. 3), MOKHA
OOTpYHTYBaTH JOMUIBHICTE BHUIUISITH SK TOBapHI MPOJYKTH H-OYTaHOJ, eTHJAIeTar, OyTaHoJ-2,
oyrtunarnerat, MEK, ermirekcanon, erunOytupar. MojenarOBaHHS TOBHOI TEXHOJIOTIYHOI CXEMH
OUHMINEHHsS OyTaHOJy IMOKa3ajo, IO HaBITh 3a YK€ CKIAQTHOTO CKJIaAy MOTOKY IICIs PEaKkTOpiB
MOJKJTUBO JIOCATTH BHCOKHX BHIXOJIB IIIJTbOBHX IPOJYKTIB 1 4ucTOTH HEe MeHmme 99.9 mac. %, mo €
BYJIMBHUM JUISl CYYaCHUX BUMOT /10 XIMIYHUX PEYOBHUH.
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[HIri pedoBWHM Taki SK IUETOKCHETaH, OyTaHaldb, MICTHJIOBUW €Tep TEX Oynau BHUIUICHI 1
HAIpPaBIIEHHI B CEKI[II0 CHIAITIOBAHHS HA BUCOKOTEMIIEpaTypHiil medi, 110 1710 3MEHIIUTH BUKOPUCTAHHS
MPUPOIHBOTO Ta3y Ha 16.8 %.

YcraHoBka 3 BUPOOHHUIITBA H-OyTaHONYy TOTpeOye cyMmMapHy BHTpary BOAsSHOI mapu 8.4 T/T
eTaHONy, Mo ekBiBateHTHO 630 HM3/T mpupomuboro rasy Ta emextpoeneprii 171 kBr-ron/t eranony.
Po3paxoBaHi TEruIOBI HAaBaHTAKEHHS Ta BUTPATH €HEPrii JEMOHCTPYIOTh €KOHOMIUHY JOIIBHICTH
3aMpONOHOBAHOI CXEMH.

Tab6auus 3. EkoHOMiYHI MOKa3HUKHM (opMyBaHHS TOBAPHOI MPOAYyKIii 3 1 T eTanony

Otpumana Buxix npozykTy PI/IHIFOBa Bapricts Yactka y
No Haspa (IUPAC) YUCTOTA, w3l CTaHOJ'Iy, BapTICTh, | MPOAYKTY, 3arajbHoOMy
mac. % USD/t usD BUTparti/moxoxui, %o

Burparu

1 | Ethanol — —1000.00 700.00 -700.00 100.00
Hoxinx

1 | Ethyl acetate — 127.99 1533.00 196.22 14.72

2 | Butan-1-ol 99.96 475.74 1 646.00 783.07 58.73

3 | Butan-2-ol 99.9 16.9 1234.00 20.86 1.56

4 | n-Butyl acetate 99.98 31.84 1 960.00 62.4 4.68

5 | Methyl ethyl ketone 99.9 28.73 2 083.00 59.85 4.49

6 | 2-Ethylhexan-1-ol 99.98 60.43 2 048.00 123.77 9.28

7 | Ethyl butyrate 99.96 31.18 2 798.00 87.23 6.54
Cyma noxomy 1333.4 100.00
YucTuii npubyToK 633.4

Bucnoexu

Hocmimkeno mnapoda3zHy KOHIEHCAIII0 €TaHONy J0 H-OyTaHOMy 3 3aCTOCYBAaHHSM JIBO-
PEaKTOPHOI CXEMHU 3 BUKOPUCTAHHSIM PO3POOJICHOTr0 HAHECEHOTO KaTaiizaropa mis peakiii ['epbe B
nepmomy peaktopi (245 °C/0.6 MIla) i mpomucioBoro CU-BMICHOTO KaTaiizatopa Ui TiIpyBaHHS
MPOIYKTOBOI cyMitri B ipyromy peaktopi (160 °C/0.6 MIla). Ha ocHOBI JaHuX TIpO CKJIa]l MPOTYKTOBHX
cymimieit, mnpoBeneHo MojenoBaHHs B Aspen HYSYS cxemm po3aiieHHsSs 3 3aCTOCYBaHHSIM
15 pexTudikamiiHuX KOJIOH, 31aTHOI 3a0e3MeuyBaTi YUCTOTY OCHOBHUX TOBAPHUX MPOIYKTIB — H-OyTaHOI,

eTuyanerar, OyTaHon-2, OyTuialerar, MEeTWJIETUIKETOH, eTHJIF€KCAHOJ, ETUJIOyTHUpaT —Ha piBHI
99.9 mac. %.

Jimepamypa

1.  Hahn H.-D., Diambkes G., Rupprich N. Butanols. Ullmann’s Encyclopedia of Industrial Chemistry: Wiley-
VCH Verlag GmbH & Co. KgaA, Weinheim, 2005. 452.

2. n-Butanol market demand, capacity, trade, pricing and market outlook report till 2034 //
https://prismaneconsulting.com/report-details/n-butanol-market-size-price-demand-and-forecast

3. Choi H., HanJ., LeeJ. Renewable butanol production via catalytic routes. Int. J. Environ. Res. Public
Health, 2021, 18, 11749.

4. Scalbert J., Thibault-Starzyk F., Jacquot R., Morvan D., Meunier F. Ethanol condensation to butanol at high
temperatures over a basic heterogeneous catalyst: How relevant is acetaldehyde self-aldolization? J. Catal.,
2014, 311, 28-32.

Catalysis and Petrochemistry, 2025, 36



84

Kamaniz ma nagpmoximisn, 2025, Ne36

Larina O.V., Valihura K.V., Kyriienko P.l., Vlasenko N.V., Balakin D.Y., KhalakhanI., Cendak T.,
Soloviev S.0., Orlyk S.M. Successive vapour phase Guerbet condensation of ethanol and 1-butanol over
Mg-Al oxide catalysts in a flow reactor. Appl. Catal. A, 2019, 588, 117265.

6. Kozlowski J.T., Davis R.J. Sodium modification of zirconia catalysts for ethanol coupling to 1-butanol.
J. Energy Chem., 2013, 22, 58-64.

7. Patent US 1992480. Fuchs O., Querfurth W. Process for the production of higher alcohols, particularly butyl
alcohol from ethyl alcohol. 1935.

8. Ilarent Ne 96403, Yxpaina. bpeit B.B., Hlyupkwii 1.B., Hlapanna M.€., TIpyniyc C.B., I'any3uncekuii O.1.
CenextuBHUI crioci0 onepkanHs OyTaHoiy 3 eraHomy. 2015.

9. Chen H., Cai D., Chen C., Wang J., Qin P., Tan T. Novel distillation process for effective and stable
separation of high-concentration acetone-butanol-ethanol mixture from fermentation-pervaporation
integration process. Biotechnol. Biofuels, 2018, 11, 286-299.

References

1. Hahn H.-D., Dambkes G., Rupprich N. Butanols. Ullmann’s Encyclopedia of Industrial Chemistry: Wiley-
VCH Verlag GmbH & Co. KgaA, Weinheim, 2005. 452.

2. n-Butanol market demand, capacity, trade, pricing and market outlook report till 2034.
https://prismaneconsulting.com/report-details/n-butanol-market-size-price-demand-and-forecast

3. ChoiH., HanJ., LeeJ. Renewable butanol production via catalytic routes. Int. J. Environ. Res. Public
Health, 2021, 18, 11749.

4.  Scalbert J., Thibault-Starzyk F., Jacquot R., Morvan D., Meunier F. Ethanol condensation to butanol at high
temperatures over a basic heterogeneous catalyst: How relevant is acetaldehyde self-aldolization? J. Catal.,
2014, 311, 28-32.

5. LarinaO.V., Valihura K.V., Kyriienko P.l., Vlasenko N.V., Balakin D.Y., KhalakhanTI., Cendak T.,
Soloviev S.0., Orlyk S.M. Successive vapour phase Guerbet condensation of ethanol and 1-butanol over
Mg-Al oxide catalysts in a flow reactor. Appl. Catal. A, 2019, 588, 117265.

6. Kozlowski J.T., Davis R.J. Sodium modification of zirconia catalysts for ethanol coupling to 1-butanol.
J. Energy Chem. 2013, 22, 58-64.

7. Patent US 1992480. Fuchs O., Querfurth W. Process for the production of higher alcohols, particularly butyl
alcohol from ethyl alcohol. 1935.

8. Patent 96403, Ukraine. Brei V.V., Shutskyi I.V., Sharanda M.E., Prudius S.V., Galuzynskyi O.G. Selectivty
method producing butanol from ethanol. 2015. [in Ukrainian].

9. Chen H., Cai D., Chen C., Wang J., Qin P., Tan T. Novel distillation process for effective and stable

separation of high-concentration acetone-butanol-ethanol mixture from fermentation-pervaporation
integration process. Biotechnol. Biofuels, 2018, 11, 286-299.

Haoitiwna 0o peoaxyii 20.11.2025

Catalysis and Petrochemistry, 2025, 36



Kamaniz ma nagpmoximisn, 2025, Ne36 85

Conversion of ethanol to n-butanol over copper-containing catalysts with
separating product mixture

Anatoliy M. Varvarin 1, Svitlana V. Prudius !, Oleksiy Yu. Zinchenko 2,
Svitlana I. Levytska !, Igor V. Shchutsky 2, Volodymyr V. Brei !
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13 Oleg Mudrak Str., Kyiv, 03164, Ukraine, e-mail: brei@ukr.net
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1 Makiivskyi Lane, Kyiv, 04114, Ukraine

Article presents the results on vapor-phase condensation of ethanol to n-butanol
2CHsOH = C4HyOH + H>0 on the copper-containing catalysts. A sequential two-reactor scheme was applied using
the developed supported catalyst for Guerbet reaction in first reactor (245 °C/0.6 MPa) and an industrial
Cu-containing catalyst for hydrogenation of the product mixture in second reactor (160 °C/0.6 MPa). Previously,
in 2014, the process was tested by us on a pilot instalation with processing of 4 kg of bioethanol per hour. Now we
have developed a new Guerbet-supported catalyst and replaced the hydrogenation catalyst.

The main product is n-butanol, the content of which in the hydrogenated product mixture reaches
19 wt. % at ethanol conversion of 30 % in one pass at a catalyst loading of 12 mmol C.HsOH/gc./h. When the
catalyst load is doubled, the butanol content decreases to 11 %, but less impurities are formed.

The process of separating the product mixture was simulated using the Aspen HYSYS v12 program and
the material and heat balances of the proposed ethanol — butanol process were calculated. The process flow chart
includes a reactor unit and 4 separation sections: preliminary separation, separation of light products (ethyl
acetate, methyl ethyl ketone), dehydration of recycled ethanol, and a heavy products separation section operating
under vacuum. A total the separation scheme includes 15 distillation columns, which can provide the separation of
such commercial products as butanol-1, butanol-2, ethyl acetate, butyl acetate, methyl ethyl ketone, butyl butyrate
and 2-ethylhexanol with a purity of 99.9 wt. %. A butanol production installation requires a total steam
consumption of 8.4 t/t of ethanol, which is equivalent to 630 Nm?/t of natural gas, and electricity of 171 kWh/t of
ethanol.

Keywords: ethanol, butanol, Cu-containing catalysts
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On the mechanism of influence of carbon nanoparticle additives on high-
temperature oxidation of diesel fuels
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The problem of increasing the energy efficiency of liquid motor fuels due to ultra-small amounts of
nanoparticles is considered. The relationship between the completeness of fuel combustion in engines and the
preliminary liquid-phase oxidation of hydrocarbons in atomized droplets is discussed. High-temperature oxidation
at 150 °C with air oxygen of model diesel fuel components in a bubble-type reactor was carried out. The effect of
carbon spheroidal nanoclusters on the dynamics of changes in the composition of the liquid phase during
oxidation under the same conditions of n-decane and n-dodecane was studied by gas-liquid chromatography. It is
shown that the effect of nanoparticles on the conversion of hydrocarbons in a liquid oxidate can vary depending
on the proximity of the oxidation process temperature and the boiling point of the liquid. For high-boiling
n-dodecane (216 °C) under oxidation conditions at 150 °C, the presence of nanoparticles in the solution slows
down the change in the composition of the liquid oxidate. When oxidizing a more low-boiling n-decane (174 °C),
nanocluster additives accelerate the reduction of the initial hydrocarbon content in the liquid mass. The obtained
results are explained by the simultaneous interaction of hydrocarbon molecules with oxygen in the liquid-phase
and gas-phase reaction regions. Carbon nanoclusters inhibit chain reactions of liquid-phase oxidation in the
kinetic mode, but activate gas-phase oxidation by accelerating the diffusion stage. Acceleration of diffusion and
evaporation of hydrocarbons from the liquid phase is explained by a change in the supramolecular structure of the
solution under the influence of nanoparticles with a decrease in viscosity. It is shown that the non-monotonic
nature of the change in the viscosity of n-decane from the content of nanoclusters in the solution correlates with
the extreme non-monotonic dependence of the energy efficiency of diesel fuel on the concentration of such
additives. A possible dependence between the duration of the stages of evaporation of low-boiling components
from sprayed droplets and the completeness of combustion of mixed motor fuels is considered.

Keywords: energy efficiency of motor fuels, liquid-phase oxidation of hydrocarbons with oxygen,
additives to petroleum products, carbon nanoclusters

Introduction

Motor fuels are the most important strategic resources of states. Modern motor fuels are used
mainly in liquid form (gasoline, diesel, aviation and rocket fuel), which is due to their high energy
intensity and ease of transportation and use.

In connection with the growth of motor fuel consumption and the increase in their negative
impact on the environment, an urgent problem of petrochemistry is to increase the energy efficiency of
liquid fuels during combustion in engines with a simultaneous reduction in emissions of toxic
intermediate products [1].

To increase the energy efficiency of motor fuels, additives (metal oxides, metal complex
compounds, nano-sized carbon clusters of various structures) are introduced into them [2]. The presence
of minimal concentrations of such additives in fuel compositions increases the rate of interaction of fuel
molecules with oxygen in the air and contributes to the conversion of initial reactants into final products
(CO2 and H20) during combustion in power units.
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Effect of increasing the energy efficiency of motor fuels is usually explained by the additional
additive contribution of the surface energy of nanoparticles to the thermal energy released during the
chemical interaction of fuel molecules with oxygen [7-10]. However, this explanation does not take into
account the simultaneous increase in heat generation and reduction in emissions of intermediate
combustion products. Such a two-factor effect can be ensured only by increasing the completeness of
fuel combustion.

According to the hypothesis of the surface energy of nanoparticles as the main additional
contribution to heat generation, one would expect a monotonic increase in the magnitude of the effect
with increasing the content of additives in the fuel. However, as a rule, the increase in the energy
efficiency of fuels under the influence of nanoparticle additions depends on their concentration non-
monotonically.

Studies [11, 12] have shown that when adding small amounts of carbon spheroidal nanoclusters
to gasoline and diesel fuel, the energy efficiency of fuels increases by 10-20 % with a simultaneous
decrease in emissions of intermediate toxic compounds. The greatest effect is observed at the
concentration of the components within about 2:10~* wt. %, and outside this range the magnitude of the
effect decreases.

Earlier in [13] we suggested that at low temperatures nanoparticles in the fuel are oxidation
inhibitors, and at high temperatures they can change the direction of their action and become initiators of
liquid-phase oxidation. Although this point of view allows us to explain the increase in heat release
simultaneously with a decrease in emissions of intermediate products, it does not explain the non-
monotonic extreme dependence of the energy efficiency of fuels on the concentration of the
components.

Thus, the question of the mechanism of action of small doses of nanoparticles on the energy
release of liquid motor fuels remains open.

Idea and purpose of the research

The interaction of hydrocarbons of motor fuels with molecular oxygen occurs sequentially in
three temperature ranges.

1. Low temperatures (20-100 °C), at which the fuel is at the stages of storage and supply through
the fuel equipment to the reaction volume of the combustion chambers.

2. Stationary high temperatures (100-350 °C), at which the atomized fuel droplets after injection
into the working zone of the combustion chamber are gradually heated to the boiling temperatures of the
fuel composition components.

3. Non-stationary high temperatures in the range from the boiling temperatures of the fuel
components to the flame temperature of 1000-2000 °C. In this case, part of the fuel molecules in the
reaction volume is in liquid droplets. These droplets gradually evaporate, and in the gas phase around the
liquid droplets (reagent suppliers) combustion occurs.

When considering the combustion of atomized liquid fuel in engines, it is usually assumed [14]
that the liquid dispersed phase plays the role of only a supplier of hydrocarbons to the gas phase, in
which chemical processes of interaction with oxygen occur with the release of thermal energy.

However, part of the hydrocarbons of the mixed fuel with a wide range of boiling points of the
components is stored for a long time at high temperatures in the liquid state until they evaporate. During
this time, liquid-phase reactions with dissolved oxygen and the transformation of the initial
hydrocarbons into oxygen-containing compounds are possible in the droplets. The primary products of
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the interaction of hydrocarbon molecules with oxygen are hydroperoxides, which decompose into
ketones and aldehydes, and subsequently into stable alcohols and acids [15].

When polar oxidation products accumulate in droplets of liquid hydrocarbons in solution,
supramolecular micelle-like spatial structures are formed [16, 17]. These micellar structures block the
diffusion and evaporation of hydrocarbon molecules and reduce the completeness of fuel combustion.
Due to the encapsulation of the initial fuel molecules in such isolated volumes, hydrocarbons pyrolysis
occurs with the formation of carcinogenic polycyclic compounds, carbon monoxide and soot.

In [11, 12, 18] we suggested that nanoadditives introduced in small amounts into liquid fuels
prevent the formation of micellar structures in the liquid phase from polar oxidized products by forming
a competitive ordered (domain) structure around nanoparticles. When such domain structures occur, the
mass transfer and evaporation of hydrocarbon molecules from the liquid into the gas volume may not
slow down, but rather accelerate.

A detailed study of liquid-phase transformations of hydrocarbons into oxygen-containing
compounds, as well as the influence of introduced terms on the intensity of such transformations
depending on the composition of fuels and conditions of the oxidation process, is necessary for
understanding the kinetics of reactions and controlling the completeness of combustion of liquid motor
fuels in combustion chambers.

Liquid-phase oxidation of hydrocarbons in laboratory conditions is modeled and studied, as a
rule, in a closed system, registering the amount of absorbed oxygen or the consumption of the initial
hydrocarbon, as well as the accumulation of the main reaction products [16, 17]. Studies of the influence
of various additives on the kinetics of oxidation of liquid media are carried out at low temperatures in
order to exclude the role of gas-phase interaction processes.

The processes of oxidation of liquids in the transient two-phase regime and the influence of
additives on such processes have been studied to a lesser extent.

It is obvious that if nanoparticle additives affect the interaction processes in the gas space, then at
the same oxidation temperature of liquid hydrocarbons with different boiling points, the effect of
additives on the dynamics of the transformation of the initial reagent will be different.

The contribution of gas-phase reactions to the transformation of the starting product becomes
significant for liquids with a boiling point close to the temperature of the oxidation process. At the same
time, if the additives of nanoparticles contribute to the acceleration of the evaporation of liquid
molecules, then the interaction of hydrocarbons with oxygen in the near-surface gas layer increases.
Some of the formed oxygen-containing products have an increased boiling point, they condense and
return to the liquid reaction mass. As a result, a faster change in the concentration of the starting reagent
in the solution will be recorded than in the absence of additives.

If the boiling point of the oxidizing compound is much higher than the heating temperature of the
solution, then the interaction with oxygen under these conditions will occur only in the liquid phase. In
such a situation, the introduction of nanoparticles into the solution will either not affect the rate of
change in the composition of the liquid phase, or, conversely, may slow down the transformation of the
starting substance.

The aim of this work is to experimentally assess the influence of nanoparticles on the dynamics
of changes in the composition of the liquid phase during high-temperature two-phase oxidation mode of
low and middle distillate components of diesel fuel under the same temperature conditions. Analysis of
the obtained experimental results will allow us to consider the possible effect of the introduced
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nanoparticles on the diffusion stage and evaporation of hydrocarbon molecules from the liquid phase
into the gas reaction volume during the combustion of multicomponent fuels.

Materials and conditions of experiment

Structurally similar alkane components of diesel fuels: n-decane and n-dodecane were chosen as
model liquid media with different boiling temperatures. The boiling point of n-decane (174 °C) is close
to the temperature at which oxidation was carried out (150 °C). The boiling point of n-dodecane
(216 °C) is significantly higher than the temperature of the oxidation process. In the selected compounds
manufactured by Merks (brand h), the content of the main component was not less than 99.6 wt. %.

The oxidation of selected individual compounds and compounds with nanoparticle additives with
molecular oxygen was carried out in a bubbling glass reactor in an air flow with a flow rate of 10 I/h.
The reactor was equipped with a heating system, thermocouple and sampling ports, and a reflux
condenser for returning liquid products to the mass undergoing oxidation. At regular intervals, without
interrupting the oxidation process, liquid samples were prepared and the composition of the liquid-phase
oxidation product was analyzed chromatographically.

Gas chromatographic analysis of oxidation products was performed on an Agilent Technologies 7890A
chromatograph with a flame ionization detector using a 60 m long, 0.320 mm internal diameter quartz capillary
column with a medium-polar cyanopropylmethylsilicone (6 % cyanopropyl, 94 % methylpolysiloxane)
stationary phase DB-624 Ul (layer thickness 1.8 pum) in the isothermal mode. Helium was used as a carrier gas
at a flow rate of 2.0 ml/min. The analysis temperature was 210 °C. The evaporator temperature was 260 °C, the
detector temperature was 250 °C. Samples were introduced into the column with a 10 pl microsyringe. Sample
volume: 0.4-0.6 pl. The results were processed using the ChemStation analytical program.

Samples of alkane solutions with carbon nanoparticles were prepared as follows. Carbon
nanoclusters were obtained by high-frequency discharge-pulse synthesis using a light hydrocarbon
fraction of propane-butane as the starting material [13]. To increase the solubility and stability of the
solutions, carbon nanoclusters were brominated in excess liquid bromine at 20 °C for 72 h. The residual
bromine was driven off in vacuum at room temperature. Isolation of nanoparticles from the synthesis
product and their size fractionation were carried out by extraction in absolute ethanol. The average size
of the extracted nanoparticles, which was estimated by electron and atomic force microscopy methods,
was 10-15 nm [13].

Solutions of nanoparticles in alkanes were prepared using an ultrasonic low-frequency
(22 kHz + 10 kHz) disperser. From the obtained stable solution with the maximum concentration of
nanoparticles, solutions with a lower concentration required for the study were prepared by adding
calculated amounts of hydrocarbons.

For each sample, repeated oxidation experiments were carried out under similar conditions.
Deviations in the content of specific products in the liquid mass under similar oxidation conditions did
not exceed = 5 %. Studies of the effect of carbon nanocluster additives on increasing the saturated vapor
pressure of fuel were carried out using commercial gasoline A-95.

Results and discussion

Fig. 1 shows the results of the study of the conversion over time of pure n-dodecane and
n-dodecane with the addition of 1-107* wt. % carbon nanoclusters during high-temperature oxidation
with air oxygen.
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At the initial stage of oxidation, a weakly pronounced induction period was observed for the
studied substances. The time of slow change in the concentration of the starting n-dodecane did not
exceed 20 min. Perhaps such a small value of the induction period was associated with the presence of
peroxide compounds in the starting product.

After 3 hours of oxidation, the decrease in the content of the starting reagent in the liquid mass
for pure n-dodecane was 14 %, and when oxidizing n-dodecane with the addition of nanoparticles, the
conversion was 12 %. Thus, the addition of nanoparticles in this case weakly inhibits the process of
liquid-phase oxidation.
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Fig. 1. Dynamics of changes in content of starting alkane in liquid phase during high-temperature
oxidation (150 °C) with air oxygen: pure n-dodecane and with addition of 1-10°*wt. % carbon
nanoclusters

The results of changes in the concentration of the starting hydrocarbon in the liquid reaction mass
for pure n-decane and n-decane with the addition of 1-10~* wt. % carbon nanoclusters during oxidation
under similar conditions are shown in Fig. 2. At the initial stage of this process a slow development of
the reaction is observed. The duration of this induction period (corresponding to the accumulation of
hydroperoxides) was about 90 min, after which autoacceleration occurs due to the decomposition of
hydroperoxides with the formation of oxygen-containing compounds in the oxidate.

The sequence of formation of oxidation products of n-decane is described by the scheme:

n-decane — hydroperoxides — ketones — alcohols and acids

After 3 hours of oxidation, the change in the concentration of n-decane in the solution was less than
during the oxidation of n-dodecane during the same time. For pure n-decane without nanoparticle additives,
the conversion of the starting reagent was only 1.8 %, and for the solution with nanoparticles - about 5 %.

After 5 hours of oxidation, the conversion of pure alkane was 4.8 %, and for alkanes with
nanoclusters, the conversion value was significantly higher and was 19.3 %. Thus, during the oxidation
of a hydrocarbon whose boiling point is close to the process temperature, the presence of nanoparticles
accelerates the conversion of the starting reagent in the liquid mass.

According to the results of gas chromatography of the oxidates, the main oxidation products were
C1o secondary alcohols and isomeric ketones with different placement of the carbonyl group in the
hydrocarbon skeletal chain. Among other oxygenates, a small amount of C:-Cg aliphatic acids and
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aldehydes was detected. When the oxidation process was prolonged for more than 2.5 hours, higher-
boiling compounds (esters with a boiling point above 260 °C) were recorded in the oxidation products.
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Fig. 2. Dynamics of changes in content of starting alkane in liquid phase during high-temperature
oxidation (150 °C) with air oxygen at a flow rate of 10 I/h: pure n-decane and with addition of carbon
nanoclusters

Different directions of action of nanocluster additives on the oxidation of selected alkanes should
be explained by an additional contribution to the conversion of liquid oxidates of gas-phase reactions.

When oxidizing hydrocarbons, the boiling point of which is close to the process temperature, the
introduction of nanoclusters into the oxidized composition contributes to the acceleration of the
conversion of the starting compound. This increase in oxygen-containing products in the liquid oxidate
with nanoparticles is due to the intensification of the interaction processes in the gas reaction zone.
Alcohols and esters that arise in the upper gas layer have higher boiling points than the original alkanes
(for example, the boiling point of n-decane is 174 °C, and n-decyl alcohol is 231 °C). Therefore, high-
boiling oxidation products condense and return to the liquid phase, and their accumulation in the oxidate
leads to a decrease in the relative content of original n-decane in the liquid mass. According to the law of
active masses, the rate of a chemical reaction is proportional to the concentrations of reactants in
stoichiometric degrees. At low temperatures, far from the boiling point of the hydrocarbon liquid, the
content of hydrocarbon molecules in the gas phase is insignificant and the interaction with oxygen
occurs only in liquid-phase volumes. At temperatures close to the boiling point of the liquid, the content
of hydrocarbons in the gas region increases, where there is an excess of oxygen molecules. The reaction
zone of interaction of hydrocarbons with oxygen shifts to the air region adjacent to the surface of liquid-
phase volumes [18, 19].

Indeed, as can be seen from the results presented in Fig. 3, the introduction of carbon
nanoparticles into liquid hydrocarbon fuels contributes to an increase in the saturated vapor pressure of
such liquids. This effect confirms the assumption that nanoparticle additives accelerate the diffusion of
hydrocarbon molecules from the bulk layers of the liquid to the surface and the evaporation of such
molecules. The rate and degree of conversion of hydrocarbon molecules in near-surface gas regions are
limited by the diffusion of molecules from the liquid volumes and the removal of reaction products from
these reaction regions.
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Fig. 3. Increase in saturated vapor pressure of commercial gasoline A-95 with addition of 2-10~* wt. %
carbon spheroidal nanoclusters (measurements were carried out on a Reid device at a temperature of
37.8 °C). The error in determining the pressure value is less than 0.1 kPa

The removal of oxidation products from the interphase regions occurs in two opposite directions
- the most easily boiling ones enter the air space, and products with elevated boiling points (higher
alcohols, ketones, acids) return to the liquid phase.

Let us consider the possible impact on the completeness of fuel combustion in engines of the
effect of increasing the diffusion rate and evaporation of hydrocarbon molecules from liquid droplets
under the action of nanoparticles. As a rule, liquid motor fuels are multicomponent mixtures with a fairly
wide range of boiling points of components. The evaporation of droplets of a multicomponent
composition in a heated gas stream has been little studied both experimentally and theoretically [21-23].

When describing the evaporation of droplets of multicomponent mixtures, the approximation of
continuous thermodynamics or a more accurate discrete-component approach is used [24, 25].

In the discrete-component approach to modeling the evaporation of multicomponent liquid
droplets in a heated gas environment, a system of (n+1) heat and mass transfer equations is considered,
written separately for each component, where n is the number of component compounds of the mixed
fuel. Even for binary mixtures, the exact solution of such systems of equations is quite laborious, but the
results of the computational experiment allow us to conclude that the course of evaporation of mixed
fuels differs from the evaporation of droplets of monofuel by the appearance of certain features. In work
[26], based on the discrete-component approach to describing heat and mass transfer processes,
numerical modeling of the evaporation process of droplets of lower alcohols - ethanol, butanol and their
binary mixtures - was carried out. The evaporation of fuel mixture droplets of different initial
composition with an initial size of 2 mm at different component ratios in air heated to temperatures of
160-400 °C was considered.

The specific curves of changes in the characteristics of the drop over time during evaporation
depend on the composition, initial droplet size, and bulk temperature of the heated gas. However, a
common fact is that in the case of drops of binary mixtures of alcohols, the evaporation of molecules of
different components is not realized simultaneously and continuously, but selectively component by
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component. At the same time, changes in the temperature, size, and composition of the drops of the
studied fuels during evaporation occur stepwise and discretely (Fig. 4) [26].
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Fig. 4. Characteristic curve of drop temperature changes during evaporation of a model two-component
fuel mixture (40 % ethanol + 60 % butanol) in a heated gas volume according to [26]: t1 and t3 —
duration of drop heating stages, t. and t4 — duration of drop evaporation stages

Initially, the drop temperature increases to the boiling point of the most low-boiling component
without loss of mass and reduction in drop size. Then, when the boiling point of the low-boiling
component is reached, the drop temperature stabilizes, and for some time this component evaporates
with a decrease in drop size. During the evaporation time, the drop temperature is maintained constant
due to the “conditioning effect” - heat removal for evaporation of the low-boiling component of the
mixture.

Changes in time of the temperature of drops of the fuel mixture evaporating in a heated
environment, with different initial ratios of mass fractions of the components, other things being equal,
are qualitatively similar. All mixtures considered in [26] are characterized by relatively short time
intervals of droplet heating. The duration of the entire process of such discrete stepwise evaporation of
the droplet, as the concentration of components with a lower phase transition temperature increases, is
increasingly determined by the kinetics of evaporation of the most volatile component. Thus, the
duration of the stay of high-boiling components in a liquid droplet (and therefore, the degree and depth
of their liquid-phase conversion during reactions with oxygen dissolved in the liquid) is determined by
the duration of the evaporation time of low-boiling components.

Due to the multicomponent nature of the fractional composition of gasoline and diesel motor
fuels (the boiling points of diesel fuel components are within 160-360 °C), the process of their heating
and evaporation in the heated gas volume of the combustion chambers proceeds in multiple discrete
jumps with short, but finite in duration, individual stages.

If the diffusion rate of low-boiling hydrocarbon molecules in the liquid increases, then the
duration of their evaporation time decreases. At the same time, accordingly, for higher-boiling
components, the residence time in the liquid is reduced and the possibility of interaction with oxygen in
the drop decreases. This means that the accumulation of oxidized intermediate products in liquid
oxidates decreases.
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And, conversely, with a decrease in the diffusion rate of low-boiling molecules in droplets, the
duration of the evaporation time of such components increases. Accordingly, the time for the
implementation of chemical reactions of the liquid-phase interaction of higher-boiling molecules with
oxygen inside the droplets increases. In such a situation, when a sufficient amount of polar products
accumulates in the droplets and they form micelles, pyrolysis of the highest boiling fuel components
occurs inside the liquid droplets, with the appearance of resinous carcinogenic products and unburned
carbon (soot) in the emissions.

The discrete stepwise nature of the evaporation of components in multicomponent liquid fuel
droplets should have the greatest impact on the completeness of combustion of high-boiling motor fuels
(diesel and jet). Therefore, reducing the characteristic evaporation time of light components using
nanoparticle additives can be an effective resource for increasing the energy efficiency of such fuels.

The results of studies of the influence of various additives on the evaporation rate of liquid
substances are quite contradictory. For the studied media (water, alcohols, petroleum products) and
various nanoparticles [27-29], both acceleration and inhibition of diffusion and evaporation were found.
In addition, the direction of the action of additives on these processes may also depend on the
concentration of the additives.

In the general case, the mass transfer coefficient D in a liquid according to the Stokes-Einstein
equation [30] depends on the viscosity of the medium as follows: D = kT/6z-u-a, where k is the
Boltzmann constant, T - temperature, ¢ - dynamic viscosity of liquid, a - characteristic size
(hydrodynamic radius) of diffusing particle. From this relation it follows that the speed of movement of
fuel molecules from the liquid to the gas region is inversely proportional to the viscosity of liquid phase.

Viscosity is a characteristic of the energy of intermolecular interactions in a liquid. Therefore,
any factors that change the intermolecular interaction (structure formation or destruction of structures)
and are accompanied by a change in viscosity affect the mass transfer and evaporation of molecules
from the bulk layers of the liquid.

Let us consider how the viscosity of a hydrocarbon liquid changes when small amounts of carbon
nanoparticles are added to it. Fig. 5 shows the dependence of the viscosity of n-decane on the content of
carbon nanoclusters additives. As follows from the obtained data, the introduction of carbon nano-
clusters into n-decane in an amount of 104 wt. % reduces the viscosity of the solution by approximately
10 %. Beyond this concentration of nanoclusters, the viscosity changes are less significant, and with an
increase in the content of nanoparticles in the alkane above 10~3 wt. %, the viscosity of the solution
begins to increase.
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According to the results of engine tests on a diesel engine in [12] it was shown that the
introduction of carbon nanoclusters into diesel fuel allows for a 10-20 % increase in the energy
efficiency of the fuel during combustion in engines. At the same time, the maximum increase in energy
efficiency under the influence of nanoparticle additives was observed at their concentration in the fuel of
about 10~* wt. %. Beyond this value of the additive content in fuels, magnitude of the effect decreased.
Thus, the energy efficiency of the fuel during combustion changes with a change in the content of
nanoparticles symbatically with a change in the viscosity of the hydrocarbon liquid (Fig. 5).

Conclusions

Adding ultra-small amounts of nanoparticles to liquid multicomponent motor fuels increases the
completeness of combustion and energy efficiency of fuels. The article proposes a non-trivial approach
to explaining the mechanism of this effect. The negative impact on the completeness of combustion of
multicomponent liquid fuels of the discrete selective nature of evaporation from liquid droplets of
components with different boiling points is considered. Long-term evaporation of low-boiling
ingredients from liquid fuel droplets restrains the temperature increase and extends the duration of the
existence of a liquid drop in a heated gas volume. Such a delay in the evaporation of high-boiling
molecules contributes to liquid-phase reactions of their oxidation and an increase in the concentration of
intermediate toxic products during fuel combustion. Nanoparticle additives allow accelerating the
diffusion of molecules in the liquid phase and reducing the duration of the stages of evaporation of low-
boiling components of the mixed fuel. Reducing the evaporation time of light components reduces the
time for liquid-phase reactions of high-boiling hydrocarbons with oxygen and prevents the formation of
intermediate conversion products in the volume of liquid droplets.
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PosrnsHyTO mpobneMy MiABHUILNEHHS €HEPreTUYHOI e(eKTHBHOCTI PiAKMX MOTOPHHX MMAJIMB 32 PaxyHOK
HaJMalluX KUTbKOCTEH HaHOYacTHHOK. (OOTOBOPIOETHCA B3a€MO3B’SI30K MK MOBHOTOIO 3TOPSHHS TaluB Y
JIBUTYHaX 1 TONEepeAHiM piako(a3HUM OKHUCHEHHSM BYIJICBOAHIB Yy PO3MIICHHX Kpamsix. [lposeneno
BHUCOKOTeMIlepaTypHe okucHeHHs mpu 150 °C kucHeM TOBITPS MOJIEIBHUX KOMIIOHCHTIB JM3CJIbHUX MAJIHB B
peaktopi ©OapboTaxkHoro Tumy. MeTogoM TazopimMHHOI Xpomartorpadii BHUBYEHO BIUIMB BYTJIEIEBUX
chepoigansHUX HAHOKJIACTEPIiB Ha AMHAMIKY 3MiHU CKIAAy pimkoi (a3w miJ 9yac OKMCHEHHS 3a OJJHAKOBHX YMOB
H-IeKaHy Ta H-jojaekaHy. [loka3aHo, 110 BIUIMB HAHOYACTHHOK HA IEPETBOPEHHS BYIJIEBOJAHIB Y PIIKOMY
OKCHZIaTI MO)Ke OyTH Pi3HHM 3aJIeKHO BiJ] ONHM3BKOCTI TeMIIEpaTypH MpPOIECY OKHCHEHHS Ta TeMIIepaTypH
KUMiHHSA piguHd. [ BHCOKOKHUILIIYOro H-monaekany (216 °C) B ymoBax okucHeHHs npu 150 °C HasBHICTH
HAHOYACTHHOK B PO3YMHI yMOBUILHIOE 3MiHY CKIIaay PiAKOro okcuaaTy. [Ipu okucHeHHi OiTbII JIETKOKHUILITIOTO
n-nexany (174 °C) moGaBKM HAHOKJIACTEPiB MPUCKOPIOIOTH 3MEHIIIEHHS BMICTY BHXIJHOTO BYTJIEBOIHIO B PiIKil
Maci. OTpuMaHi pe3ylbTaTH TOSCHIOIOTHCA OJHOYACHOI B3aEMOMIEI0 MOJEKYN BYTJIEBOJHIB 3 KHCHEM B
pinkodazHiit 1 razodasniii peakmiiHUX oOmacTsax. ByrmeneBi HaHOKIIACTepW TalbMYIOTh JIAHITIOTOBI peakiii
piakoda3zHOTO OKHCHEHHS B KIHETHYHOMY PEXHUMi, aje aKTUBYIOTh ra3oda3He OKHCHEHHS 3a pPaxyHOK
npuckopeHHs cramii audysii. [Ipuckopenns audysii i BUMapoByBaHHS BYTJIEBOAHIB 3 PiAKOi (a3 MOSICHIOETHCS
3MIHOIO CyNpPaMOJNEKyJISIPHOI CTPYKTypH PO3YHHY TiJi BIUIMBOM HAHOYACTHHOK 31 3MEHIICHHAM B’S3KOCTI.
[TokazaHo, 1110 HEMOHOTOHHMI XapaKTep 3MiHU B’SA3KOCTI H-JICKaHy BiJl BMICTY HAHOKJIACTEPIB Y PO3YHHI KOPEIIOE
3 eKCTPeMAaJIbHOI0 HEMOHOTOHHOIO 3aJIeKHICTIO EHepreTMdHoi e(EeKTHUBHOCTI JM3EIbHOTO TalluBa BiX
KOHIIEHTpAIlii TakuxX J00aBOK. PO3IIIIHYTO MOMXIJIMBY 3aJIeKHICTh MK TPHUBAJICTIO CTajiii BHUITAPOBYBaHHS
JIETKOKUIISTYMX KOMIIOHEHTIB 3 PO3MMICHUX KPaIlesib 1 TOBHOTOIO 3rOPSIHHS CyMIIIEBUX MOTOPHUX TaJUB.

Kniwouosi cnosa: enepretnyHa e()eKTHBHICTH MOTOPHHMX NajMB, pifKodasHE OKHCHEHHS BYTJIEBOIHIB
KHCHEM, T00aBKH /10 HATOIIPOYKTiB, KAPOOHOBI HAHOKIIACTEPH
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XeaarTHi kommiekeu Cu(Il) 3 guryopoBMiCHUMM JIiraHAAMM . CHHTE3, 0y/10Ba,
AHTHOKCHJIAHTHI Ta NPOTU3HOCHI BJIACTHUBOCTI

Birtaniit O. €snoknmenko **, Borogumup C. Inassebknii 1, Tersna M. Kamenena?,
Ceirtiana B. Ilumkina?, Irop L. Tepyc !, Haraais FO. Ximau !

Y Inemumym 6ioopeaniunoi ximii ma nagpmoximii in. B.I1. Kyxaps Hayionanvnoi axademii nayx Vxpainu
eyn. Axademika Kyxaps, 1, Kuis, 02094, Vkpaina, e-mail: vay.77@ukr.net

2 IHY HTK «Incmumym monoxpucmanie» Hayionanvnoi axademii nayx Yxpainu

np. Hayku, 60, Xapxie, 61072, Yxpaina

IToxpamieHHs aHTHOKCUAAHTHUX 1 MPOTU3HOCHUX BJIACTHUBOCTEH albTEPHATUBHUX MOTOPHHUX MAaJMB HA
OCHOBI €TaHOIy € aKTyaldbHOI Mpobiemoro Hadroximii. HailOinpir paiioHadTpbHUM MUISXOM BHUPIMIEHHS ITi€l
npobjeMn 3apa3 BBaXKAIOTH JONABAaHHA JO CKJIaQy TakhX NalUB METAJOKOMIUICKCHUX CIIONIYK B MalllX
KOHIIEHTpauisx. Bimomo, mo 1,3-muKeToHH, aneTUNAneToOH TOLIO, JIETKO YTBOPIOIOTH XE€NaTHI KOMIUIEKCH 3
MEePexXiTHIMHA MeTallaMH, SKi BHKOPHCTOBYIOThCS B TMpoMucioBocTi. Xematu kympymy (II) 3 ¢uyopoBannmun
1,3-nukeToHaMu, TeKca(uIyOopOalleTHIIAIIETOHOM TOINO, 3aBASKH iX BHCOKIM JIETKOCTI Ta CTaOLIBHOCTI,
BUKOPHCTOBYIOTh B 0araThOX MNpHUKIagHUX o00macTsax. Ause 3acrocyBanHio xemary kynpymy(Il) 3
rexcagryopoaneTHIIalleTOHOM SIK TPUCAJKU 10 0araTOTOHHaXKHUX HA(PTOMPOMYKTIB (MOTOPHUX MAIHB Ta OIUB)
3aBakae BUCOKa I[iHa ¢QmyopoBanux 1,3-mukeToniB. BukopucrtanHs ¢uyopoBanux 1,3-KeToalbaeriais,
TpudIyopoaneTHiIaleTaIbIeTiy TOMO, MOKE MiABUIIUTH CTIHKICTh i epeKTUBHICTh Takux xenaTiB Kynpymy(Il).
Cunre3oBana cepis xenatiB kynpymy(Il) 3 ¢uryopoBmicHUME NliraHnaMu pi3HOT OyIOBH, TOCHIIKEHO CTPYKTYPY
Ta BIUIMB IX Ha XIMMOTOJOTIYHI BJIACTUBOCTI AalIbTEPHATUBHUX €TAHOIBMICHUX MOTOPHUX TIAJIUB.
AHTHOKCHJIAaHTHY aKTUBHICTh XenariB kKynpymy(Il) Bu3Hauanu BOIOMOMETPUYHHUM METOJOM (Ta30METpUYHA
YCTaHOBKA) Ha MOJIENbHINA peakiii iHImMiiHOBAaHOTO PaJWKaIFHO-TAHIIOTOBOTO OKHUCHEHHS OEH3WJIOBOTO CIAPTY
(TepmoininiaTop — 2,2"-a30-6ic-1300y THPOHITPHMII, MIBUAKICTh TeHEPyBaHHs BinbHUX paaukanis Wi =2.98 108 M-¢?,
temneparypa — 5040.2 °C, napmianbHuii Thck kucHio — 0.02-0.1 MIla). 3anexHicTh HPOTH3HOLIYBAIbHUX
BJIACTUBOCTEH €TaHOJHHHUX PO3YMHIB BijJ KOHIEHTpauii xenatiB kynpymy(Il) omiHroBamm 3a 3MiHOIO HecCyd4oi
30aTHOCTI (JUHAMI4HOI MIIJHOCTI) po3unHy 3a MeTtoaukor ASTM D2783 Ha yoTHpUKYJIEKOBOMY TpHOOMETpI 3a
BEJIMYMHOI0 KPUTHYHOTO HaBaHTa)XKEHHsS. BcTaHOBIIEHO, O cHHTE30BaHi QuyopoBmicHi xenatu kynpymy(ll) e
iHri0iTOpaMU KaTaIITHUHOI Jii OOpHBY JIAHIIOTIB OKHUCHEHHS OEH3WJIOBOTO CIHPTY, L0 MPHU3BOIUTH [0
TPUBAJIOTO TAJIbMYBaHHS TPOIECY HOro OKHCHEHHs. BusiBneno ¢akrt cyrreBoro (Ha 40-65 %) migBuIeHHS
MPOTU3HOCHUX BIIACTHBOCTEH €TAaHOJILHUX PO3YMHIB IPHU BBEACHHI 10 iX ckiany xenatiB kynpymy(ll) B HU3bKHX
koHueHTpanisx 0.001-0.01 % mac. [loka3aHa TmEpCHIEKTUBHICTh BHUKOPUCTAHHS HaaMaluX KOHIIEHTpAIii
CHUHTE30BAHMUX METAJOKOMIUIEKCIB Ul MiJBUIIEHHS XIMMOTOJIOTIYHHUX BJIACTUBOCTEH CIMPTOBMICHUX MOTOPHHX
MaJINB.

Knwwuosi cnosa. QnyoposmicHi xematu kynpymy(Il), oxucHeHHS OEH3MIOBOTO CIUPTY, IHTIOITOD,
NPOTH3HOCHI BIACTHBOCTH, AJIbTEPHATHBHI MOTOPHI TTaJINBa

Bcmyn

BaxmBuM HampsMKOM pecypco30epeskeHHs € cTalimi3amis BiJ OKUCHEHHS OpraHidYHHUX
MarepialiB, Kl IIUPOKO BUKOPUCTOBYIOTHCS Y IPOMHUCIOBOCTI, MEIUIIMHI, Oy IiBeNbHIN 1HIyCTpii TOIIO
— TOJiMepiB, MOHOMEpPIB, MOTOPHHUX MajJUB Ta OJMB. 3aCTOCYBaHHS TPaJUIIHHUX AaHTHOKCHIAHTIB
(anmkindeHoniB, apOMaTUYHUX aMiHiB, XIHOHIB ma iH.) MaloeeKTUBHE, TOMY 110 BOHU (YHKI[IOHYIOTh
SK OJIHOPA30Bi (CTEXIOMETPUYHI) PEareHTH y peaklisx, [0 BiAMNOBIAaI0TH 3a CTAa0UII3allil0 OPraHIYHUX
marepiamiB [1]. CuHTE3 Ta MOIIYK HOBMX METAJIOKOMIUIEKCHHX CIOJYK, 30Kpema (IyopOBMiCHHX
XEJaTHUX KOMIUIEKCIB KYyNpyMy, 3 BHCOKOIO AHTHOKCHJIAHTHOI AaKTHBHICTIO KaTaJliTWU4YHOI Aii Ta
MiABUIIEHUMH MPOTHU3HOCHUMM BIACTUBOCTSAMU JO3BOJMTH PO3IIMPUTH ACOPTUMEHT CyYacHHX
MPUCATOK J0 PI3HOMAaHITHUX HAPTONPOAYKTIB, 30KpeMa, IS allbTePHATUBHUX MOTOPHHUX O10TaJIMB.
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Hobpe Bimomo, 1m0 1,3-TUKETOHH, alleTHIAIETOH TOIIIO, JETKO YTBOPIOIOTH XEJIaTHI KOMIUJIEKCH 3
MEpeXiTHUMH METaJaMH, SIKi IIUPOKO BUKOPHUCTOBYIOThCS B mpomMucioBocti [2]. Xenatu kynpymy(Il) 3
¢dyopoBanumu 1,3-nuKeToHaMH, TeKcadryopoareTuiIaieTOHOM TOIIO, 3aBSIKU iX BUCOKOI JIETKOCTI Ta
cTabUTBHOCTI, € J00pe BIJIOMUMH KOPHUCHHMH CIOJyKaMH B TPUKIAJIHUX cdepax 3acTOCYBaHHS,
aHATITHYHOW XiMii Tomo [2]. Aje OiIbIl IIMPOKOMY 3aCTOCYBAaHHIO XelaTy Kymnpymy 3
rexcadryopoaneTuialeToHOM 3aBaka€ BHUCOKa IiHa QuryopoBanux 1,3-aukeroHiB. Bimomo, 1m0
1,3-nukerorn € 1,3-mUKapOOHITPHUMHU CIOJYyKaMHU, O SIKHUX BIIHOCATHCS TakKoX 1,3-KeToaybaeriiay,
aneTuiarneTanpaeriy Tomo. OcTtaHHI CIpoMOXHI yTBoproBaTu Xxenatu Kynpymy(Il), ame BoHM He Taki
cTiiki sk 1,3-mUKeTOHAaTHI  KOMIUIEKCH. BukopucrtanHs  ¢ayopoBaHux  1,3-keToanbaeriiis,
TpudIyopoareTIIaneTaabIeriay TOI0, MOKE BUPIIIUTH IO MPOOJIEMy — MJABUIIUTH CTIMKICTh TaKUX
xemariB kynpymy(Il), ane dayopoBani 1,3-keroanpieriim moci He omucaHi B JiTepaTypi. Takox
MO3UTUBHUN e(eKT, IMiIBUIICHHS AHTUOKCHJIAHTHOI aKTHBHOCTiI, MOXXHa OYIKyBaTW TP BBEICHI
J0JJaTKOBOI TAPOKCUIILHOI TPYIH B MOJIEKYTy (QiryopoBMicHHX AuKeToHAaTiB Kynpymy(Il).

Meta nanoi pobotu — cunTe3 ¢uyopoBanux xenartiB kynpymy(Il) pizHoi OynoBH, TOCTiKEHHS
iX aHTHOKCHJAHTHHUX Ta MPOTHU3HOCHUX XapaKTEPHCTUK B CKJIAJli aJbTEPHATUBHUX MOTOPHHX MAJIUB Ha
OCHOBI €TaHOIY.

Excnepumenmanvna wacmuna

Cunmes, cmpykmypa ma memoou OO0CHONCeHb XIMMOMONOZIYHUX BIACMUBOCMEN XANAmie
kynpymy(Il) 3 gpnyoposmichumu nicanoamu

CrpyktypHi ¢opmynu komiiekciB kynpymy(Il), siki Oymo cunTezoBano, Cu(Li)2, Cu(L2)z,
Cu(L3)2, Cu(L4)2, Cu(Ls)2, naBeneno ua puc. 1.

Cu(L1)2, ne R1, Rz = CF3, R2, R4 = H;
Cu(L2)2, ne R1, Rz = CF3, R2, R4 = CH3
Cu(L3)2, ne R1, R3= CF3 Rz, R4 = CH.OH,;
Cu(L4)2, ne R1, R2, R3, Ra = CFs3;
Cu(Ls)2, ne R1, R2, R3, Rs = CH3
Puc. 1. CrpykrypHi popmynu xenariB kynpymy Cu(L1)z2, Cu(Lz2)z2, Cu(Ls)2, Cu(L4)2, Cu(Ls)2

Binowmi xenatu kynpymy(Il), Cu(L2)2, Cu(L4)2 Ta Cu(Ls)2, Oy:10 omepskaHo npu peakiiii BOAHOTO
po3unHy MoHoTinpary anerary kynpymy(Il) 3 BigmoBimaumu 1,3-mukeronamu: CF3C(O)CH2C(O)CHs,
CF3C(O)CH2C(0)CF3 tTa CH3C(O)CH2C(O)CHs3 [3]. Hmkue, sik mpuKIIaja, HaBEAEHO METOIUKY CHHTE3Y
Ta MoJieKyJsipHa crpykrypa Cu(L1)2 (puc. 2 ta 4).

LinsoBuii xenat kynpymy(Il) Cu(L1)2 Oyyno oTpuMaHo 3 BUKOPUCTAHHSAM JOCTYITHUX PEarcHTIB:
MoHoriapary anerary Kynpymy(Il) Ta mpoaykTy rigponizy p-etokcusiHin(tpudiayopomernin)ketony (1)
— Tpudayopoanermianeranpiaeriny (2), skuii 300pakeHO0 Ha CcXeMi B BHUIJISII €HOJBHOI (opMu
1,3-keroanberiny:
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C,H50 i i CFs
2o H,0 =0, CU(OOCCH;), xH,0 /=0 O
/ \ M - N\ Y
O -HOC,H ° ©0
- 2''15
. C FsC F4C
1 2 Cu(L4);

Puc. 2. Cunres xenaty kynpymy Cu(L1)2

I'iapomi3 eHoHy 1 jerko MpoTiKae MPU IHTCHCUBHOMY IE€pEMIllyBaHHI CyMIIIl 3 IMiJIKHUCICHOIO
BOJIOI0 3a KiMHaTHOI Temmepatypu (20-25 °C) mporsrom 1-5roamu a0 moBHOI KOHBepcii eHoHy 1 B
KETOaJbJeri 2, M0 BH3HAYAIM Bi3yaJbHO — IPH YTBOPEHHI FOMOIEHHOIO PeakKiiifHOro po3uuny [4].
Mowuoriapat aneraty kynpymy(Il) € noctynaum y nponaxy peareHToM, a enod 1 — 1,1,1-tpucmyop-4-
eTOKCHOYyT-3-€H-2-0H, JIETKO OTpUMAaTH B OAHY CTalil0 3 eTwiBiHUIOBoro erepy (EVE) ta
tpudyopoourosoro anrigpuny (TFAA) B npucyTHOCT! nipuauny (PY) B po3unHi AUXJI0pOMeTaHy Mpu
OXOJIOKEHHI 3 Maike KinmbKicHuM BuxoaoM (puc. 3) [4, 5].

OC,Hs
F3CCO\() .\ OC2H5 | N CH2C|2 /
+ >
F,CCO A N 5-10°C COCF,4
TFAA EVE Py 1

Puc. 3. Cunres enony 1

Memoouka cunmesy 6ic-(1,1,1-mpughnyopo-4-oxcobym-2-en-2-inoxci)kynpymy (II) Cu(Ly)e.

Ho cycnensii 4.8t (28.5 mmons) eHony 2 B 10 min Bogm mpubaBmsmn 0.1 mn 1 M po3umny
COJISTHOT KHCJIOTH 1 TepeMillyBald TpU KIMHATHIM Temreparypi 2-4 TOIWH 1O TOBHOTO TiApOJi3y
eHony 1. Jlo OTpMMaHOrO pO3YMHY Keroanpaeriny 2 mnpubaBmsuin pozunH 2.6 T (12.9 Mmoub)
MoHoruapaty aunertary kynpymy(Il) B 10 mn Boau 1 mepemimryBaiu npu KiMHaTHIA TemmepaTypi 1
roauny. Ocaj xenaty Cu(Li)2 BindinbrpyBanu, mpoMuBaiu Boaor (3x10 Mir), Cymuig Ha MOBITPi Ipu
KiMHaTHIN Temneparypi. Buxin cmomyku Cu(Li)2 4.57 r (93.7 %). T.mn. 207-208 °C. Kpucranu mus
PEHTTEHO-CTPYKTYPHOI'O JOCHIKEHHSI OTPUMaHI KpHUCTAI3alli€l0 3 PO3UMHY TIeKCaH . AUXJIOpOMeTaH
(1:1). Cnextp IY-DT (CH:Cly, v, cM1): 1620 (C=0), 1525 (C=C). 3naiineHo, %: F 32.44. CgHsCuFsOsa.
Po3zpaxosano, %: F 32.27.

Xenat Cu(L1)2 — TEMHO CHHS KpUCTaJlidYHa PEYOBHHA, PO3YMHSAETHCSA B OUIBIIOCTI OpraHiYHUX
PO3YHMHHUKIB, JIETKO CyOJIMy€ThCsi Npu HarpiBaHHi 0e3 poskmamanHs. Ctpykrypa xematy Cu(Li)z
noseneHa [Y CHEKTPOCKOMi€0, JaHUMH €JIEMEHTHOTO Ta PEHTICHOCTPYKTYpHOro aHamizy (puc.4).
Kpucramu Cu(L1)2 monoximnHi,  CsHaCuFeO4, mpu -100.5°C a=11.0071(12), b =4.6713(5),
c=11.0367(14) A, p=113.646(7)°, V =519.83(11) A3, M= 341.65, Z = 2, npocToposa rpymna P2i/n,
Opos = 2.183 r/em®,  (MoK,) =2.198 mmt, F(000) = 334. TlapameTpu edeMeHTapHOI KOMipKH Ta
inTeHcuBHOCTI 9023 BinbOutTTiB (1520 Hezanexuux, Rint = 0.0377) Bumipsui Ha audpakromeTpi «Bruker
APEX-1I CCD» (MoK sumpominenusi, CCD-gerekrop, rpadiToBuii MOHOXpOMAaTOp, (®-CKaHYBaHHS,
20yaxec = 60°). Ctpykrypa po3mmdppoBaHa npsmMuMm MeTogoMm B mporpami OLEX2 [6] 3 momymsmu
nporpam SHELXT [7] ta SHELXL [8]. [TonoxeHHsT aTOMiB BOJHIO BUSBICHI 3 PI3HUIIEBOTO CHHTE3Y
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€JIEKTPOHHOI TYCTHHHU Ta yTOYHEHI Mo Mopeni «BepiHHKa» 3 Uuso = 1.2Uss HEBOAHEBOTO aroma,
3B‘S3aHOTO C JaHUM BojgHeBMM. CTpyKTypa yTouneHa 1o F2 mopHomarpuurum MHK B anizoTponHOMYy
HaOMKeHH1 i1 HeBoaHeBHX aroMiB g0 WR2 =0.0697 mo 1520 Bimbuttsam (Ri1=0.0277 mo 1385
Bigourtsam 3 F > 4c(F), S =1.140). Ocratouni aTOMHI KOOpAMHATH Ta KpucTajgorpadidni gaHi Ijs
mosiekyiu 1 Oysnu nernonoBani B KemMOpupkcbkoMy 1IEHTpI KprcTanorpadiynux aanux, 12 Union Road,
CB2 1EZ, UK (dakc: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk) i goctymnHi 3a 3amuToM i3
3a3HayeHHAM HoMepa aenonyBanHs CCDC 2474199).

- e~ B
e W »e
‘9‘./ \.(—0
f x. 3 -
e,

Puc. 4. MonekynsapHa crpykrypa xematy Cu(Li)2 B mpejacTaBiieHHI aTOMIB €IICOITaMU TEILIOBHX
koiuBaHb 3 50 % IMOBIpHICTIO

LinsoBuii xemat kynpymy(Il) Cu(Ls)2 Oymno oxmepkano ananoriuno xemary Cu(Li)z 3
BUKOPHCTaHHSAM MOHOTiApary auerary kynpymy(ll) ta mpoaykry rigpomnizy 3-(2,2-mumerwi-1,3-
niokcosnan-4-uninen)-1,1,1-tpudayopornponan-2-ony (3) — Ttpudayopoanermnanerony (4), skui
300paKEHO Ha CXeMi B BUTIS/II €HONIBHOI opmu 1,3-nukeTony (puc. 5).

Me. M® OH OH
! CFs
H,0 =0 Cu(OOCCH3), xH,0 )=Q 0O N
/T \ M N FY
o o) 00
-MGQCO F3C F3C
FsC HO
3 4 Cu(Ls),

Puc. 5. Cunres xanary kynpymy Cu(Ls)2

Enon 3 5erko oTpumaru B OAHY cTajito 3 2,2-mumetni-4-metuneH-1,3-niokconany (MDO) Tta
tpudyopoourosoro anrigpuny (TFAA) B npucyTHOCT! nipuauny (PY) B po3unHi AUXJI0poMeTaHy Mpu
OXOJIOJKEHHI 3 Maibke KiTbKiCHUM BHX010M (puc. 6) [9].

Ve Me Me
F3CCOQ, Me N CH,Cl, o ©
0 + () @) + | _—
/ —
F,CCO >/’ N 5-10°C /
/ o
TFAA MDO Py FaC

Puc. 6. Cunres eHOHY 3
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Brutus cuate3zoBannx kommiekcie Cu(Li)z, Cu(Lz)z, Cu(Ls)2, Cu(La4)2, Cu(Ls)2 Ha BaacTHBOCTI
PIAKMX OpraHiYHUX PEYOBUH OIIHIOBAIM 32 3MIHOI AaHTHOKCHUJAHTHUX Ta MPOTU3HOCHUX
XapaKTePUCTUK MOJIEIbHUX PO3YUHIB IIPU PI3HUX KOHLEHTPALISIX J00aBOK.

AHTUOKCUJAHTHY AaKTHUBHICTh KOMIUIEKCIB BH3HAYaJId BOJIOMOMETPUYHUM METOJIOM Ha
ra30METPUYHIN YCTaHOBIII Ha MOJENBHIN peakilii 1HIIHOBaHOTO PaJIUKaIbHO-JAHI[IOTOBOTO OKHCHEHHS
6emsunoBoro crmpry (BC) (WBMakicTh reHepyBaHHS BimbHHX pagukamis Wi =2.98-10° M-c?,
temneparypa — 50+0.2 °C, mapmiansauii THCK KucHIO — 0.02-0.1 MITa) 3a meToaukoro [10].

3a yMOB KIHETHYHOTO PEXHMY OKHCHEHHS 1L YCTaHOBKA JIO3BOJII€ BUMIPIOBATH IIBHJIKICTb
nornuHauHA Kuchio Bin 108 M-c? mo 10%M-c? npu komsepcii cyberpary okucuenns 0.1-1.0 %.
[Iporiec OKMCHEHHS KOHTPOJIFOBAJIM 3a 3MIHOK MOIIMHAHHSA KHCHIO BC 3 yacoM mpu mMoOCTiHHIN
IIBUJIKOCTI T€HEPYBAHHS BITbHUX PaIUKAIIB.

SIk TepMOiHiI[iaTop BUKOpUCTOBYBaH 2,2 -a30-6ic-i300ytuponitpun (AIBH) mapku «ua» (Merck,
Himeyunna), mepioj HamiBpo3Mmagy SKOro Ha0arato MepeBHINyE Yac MPOBEASHHS MOCHiLy 1 SKUN
JI03BOJISI€ MIATPUMYBATH MOCTIHHY IIBHIKICTH IHII[IIOBaHHS B OOpaHOMY TeMIlepaTypHOMY iHTEpBai
MPOTATOM BCHOTO EKCIIEPUMEHTY Ta TIOCTIHHY IIBUAKICTh OKHCHEHHS TMpU MaluX TIMOMHAX
MIePETBOPEHHSI CyOCTpaTiB.

bensunosuii ciupt cymmnu Hag K2COsz (24 ron). [lins BUuganeHHs NepoKCHAIB HOTo MeperaHsuim
3 nonaBanHsaM (epym(Ill)-anerunamneronaty B atmMocdepi aprony, BiaOupanu ¢pakxiiito, ska KUIHTh 3a
ymoB 73-74 °C /0.6 I1a. [IucTHIAT mpomycKain yepe3 xpoMmatorpadiuyHy KOJIOHKY (BHCOTa KOJOHKH
70 cm, miametp 2.0-2.5 cM) 3 aKTUBOBaHMMH BYTUUIAM Ta OKCHJIOM QIIOMIHIIO, MMOTIM MEpEeraHsuId i
samwkeHuM THCKOM (0.6 kIla). Oxcua amoMiHIIO aKTHBYBAJIM IPOXKapIOBaHHSIM B My(denbpHIN medi 3a
temneparypu 500 °C npotsirom 5 roauH.

3aJeXHICTh MPOTU3HOCHUX BIIACTHUBOCTEH piakoi ¢as3u Bia KoHueHTpamii xenatiB kynpymy(Il)
OLIIHIOBAJIM 32 3MIHOIO HeCcydoi 3/JaTHOCTI (AMHAMI4YHOI MiITHOCTI) po3unHy. Hecydy 31aTHICTb eTaHoIy
BUBUYAIH 32 MeToAuKol0 ASTM D2783 Ha 4OTUPUKYITHFKOBOMY TPHOOMETP1 32 BETHUNHOK KPUTUIHOTO
HaBaHTakeHHs [11]. I{e# moka3HUK sBJsie COO0I0 MaKCHMasbHE 3HAYEHHsSI OChOBOTO HABAHTAXEHHSI, J10
SKOTO HE BHHHMKAE METAJIEBOrO KOHTAKTY Ta 3aJUpIB MPHU TEPTi KOB3aHHS y BUIPOOYBAIBHUX PITKUX
Cepe/loBUINAX CTaHIAPTU30BaHMX MeTaleBUX Kynbok 31 cram XI5 (mikporBepuicts 64-66 HRC,
napamerp kopcTkocTi Ra < 0.25 Mkm, niamerp kyiabok — 12.7 MMm) YMoBHM BumnpoOyBaHb: 4YacTOTa
o0epTaHHs BEpPXHbOI HABAHTAXXEHOI KYJIbKH BITHOCHO TpbOX HepyxoMux Kyibok — 1500 06/xBs,
temneparypa 20 °C, gac BunpoOyBanb — 10 c. [Ipu k0XkHOMY HaBaHTa)KEHHI MPOBOAMIN HE MEHIIE
TPHOX BUIIPOOYBaHb.

Pe3ynomamu ma ix 062060penns

[arioyrouy niro xkomrutekciB Cu(Li)z2, Cu(L2)2, Cu(Ls)2, Cu(L4)2, Cu(Ls)2 mocmimkyBanu Ha
MPUKJIAIl MOJICIBHOT peaKIlii iHiliiioBaHOTO OKUCHEeHHs OeH3ummoBoro crupty (BC).

BBeaennss B cucremy, 1mo okucHioeTbes, Cu(Li)z2, Cu(L2)2, Cu(Ls)2, Cu(Las)2, Cu(Ls)2
MPHU3BOAUTH JI0 3HIDKEHHS MIBUIKOCTI OKHCHEHHS OEH3WJIOBOTO CIUPTY (3HIKYETHCA IIBHJKICTH
MOTJIMHAHHS KHMCHIO), a TpH MOAAIBIIOMY 30UIbIIEHH] X MOYAaTKOBOI KOHIIEHTpALli IIBUIKICTH
OKUCHEHHsI OCH3WJIOBOTO CHUPTY HAOIMXKAETHCA 0 CBOTO MiHIMAIBHOTO TPAHUYHOTO 3HaueHHsS. Sk
MpUKJIaA, Ha puc. / TPEICTaBIeHA 3aleXHICTh MBUAKOCTI iHinioBaHoro (AIBH, 1.83-1072 M)
okucHeHHs OeHsmnoBoro criupTy (W) Bin mouatkoBoi koHieHTpaiii Cu(L1)z23a remnepatypu 50+0.2 °C.
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Puc. 7. 3anexuicts mBUAKOCTi iHinifoBanoro (AIBH, 1.83:1072 M) okucaernns BC (W) Bix mouarkoBoi
konnenrparii Cu(L1)2

Sk mokasanu eKCclepuMEeHTalbHI TOCIIHKEHHS, MPH 1Hr10yBaHHI XelaToM KyNnpyMmy IIBUIKICTh
okucHeHHst bC He 3anexuTh Bija mapiiaibHOro THCKy KucHIO B iHTepBaii 0.02-0.1 MIla, To6T0 00puB
JAHITIOTIB BiAOYBa€ThCS MO peakiii 1Hri0ITOpY TIABKU 3 MEPOKCHIBHUMHU pajuKaiamMu cyocTpary
CsHsCH(OO")OH, 1110 OKHCHIOETBCS.

[lepiog TrambMyBaHHS OKHCHEHHS Yy ©Oarato pas3iB MEpeBHIIyE 4Yac OJHOPA30BOIO
(cTexiomeTpuuHOro) o6puBy naHuoriB. Tak, mpu nodaTkoBiii konnentpauii Cu(Li)2 4.68:10°M B
OCH3WJIOBOMY CIHPTi, IO OKHCHIOETHCS, TEOPETUYHO PO3PAaXOBaHMW Tepiox IHAYKIIl CKiaB
1.05 xBumuan npu 50 °C 1 W= 298108 M-ct. Ane micims 300 xBuMH MIPOBEJICHHS JTOCIIY
mBuKicTh okucHeHHs: BC (W) He 3MiHmIacs, TOOTO Ha OJHIN MOJIEKYJIi KOMILICKCY 3@ PO3TIISIHYTHI dac
obpuBaethcst npubau3HO 570 peakuiiinux janioriB. 1li mani Bkasyoore Ha Te, mo Cu(Li)2 €
e(peKTUBHUM aHTHOKCUIAHTOM KaTaJITHYHOI i 0OpuBY JaHLoriB OkucHeHHs bC.

AHaJoriuHi pe3yNnbTaTH XapakTepHi 1 Ui iHIMX cruHTe30BaHuX komiuiekciB Cu(Lz2)z2, Cu(Ls)z,
Cu(L4)2 ta Cu(Ls)2. Ilepiogu ragpMyBaHHs okucHeHHs BC KoMIuleKcamu Kyrnpymy B OaraTo pasis
NEPEBUIIYIOTh Yac OJHOKPATHOTO (CTEXIOMETPUYHOT0) OOPHBY JIAHIIIOTIB.

L1i pe3ynpTaTi AOCHIPKEHb MMOKA3yIOTh, 10 CHHTE30BaH1 Xxenatu Kynpymy(Il) € katamiTuuHUMU
1Hri6iTOpaMu 0OpUBY JIAHIIOTIB OKUCHEHHS BC, 110 Mpu3BOAUTE A0 TPUBAJIOrO rajlbMyBaHHS HpOIECy
MOro OKUCHEHHS.

[Tokazano [12], mo omHuM 3 BaxIMBUX (DAKTOPIB, SKHH BIUIMBAE€ HA TPHUBAIICTH MeEpiomy
rajJbMyBaHHS OKHMCHEHHS B OpPraHiYHUX PO3YMHAX KOMIUIEKCIB METalliB, € €(EeKTHBHICTh B3a€MOIl
HOCITB JIAHI[FOTIB 3 KOMIUIEKCOM MeTany — KineTnuHuit napametp f-k (K — koHcTaHTa MIBUAKOCTI peakiiit
KOMIUIEKCY METaly 3 NEePOKCHIIBHUM paaukanoMm; f — crexiomerpuuHuii KoedilieHT iHTiOyBaHHS, 11O
JOPIBHIOE Y CEpPEeIHbOMY YHCIY pEaKIiMHMX JIaHIOTiB, IO OOpPUBAIOTHCA HA KOXKHIA MOJEKYIi
BUXIJTHOTO 1HT10ITOPY Ta MPOJIYKTiB HOTO MEPETBOPEHHS MPOTIATOM epioay ranbMyBaHHs). Yum Oinbime
3HA4YeHHs I[bOT0 MapaMeTpy, TUM TpHUBaJIiIlIe Nepioj raJbMyBaHHS 1 TUM IPU MEHIIUX KOHIIEHTPALIAX
KOMILJIEKCY METally CIIOCTEPIraeThCsl HOTO MOYaTOK.

Bennunny kinernunoro mapametpy fkroo. oOuncoBanu 3rigHo 3 piBHAHHAM [12]:

f-kroo* = (Wo-W2 — W-Wg1)-(Wi k)2 / [Cu(L1)2]o,

ne Wo = W nipu [Cu(L1)2]o = 0.
I3 manux 3anexxHocti mapamerpy F (Wo-W‘1 - W-Wo‘l) BiJ mouaTkoBoi koHieHTpamii Cu(Lzi)2
(puc. 8), 3a yMOBH BiJOMHX 3HA4YCHb MIBUAKOCTI iHilitoBaHHSA Wi 1 KOHCTaHTH IIBUIKOCTI OOpUBY
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naHIoriB okucHeHHss BC mpu B3aeMomii IBOX MEPOKCHMIIBHUX paauKaiiB Ki, OJepKyeMO BETUUHHY
KiHeTHuHOro napametpy f-kroo-.

Opneprkani 1aHi BKa3yrOTh, 10 3a iHri0yro4uoro aktuBHicTiO CuU(L1)2 mepeBepinye Ha TpH MOPAIKH
BIJIOMHUN TPOMHUCIIOBHH aKIENTOP TMEPOKCHWIBHUX paauKaliB 2,6-mu-mpem-0yTun-4-metuindeHon
(Ioron) — s Ionony f kroo. = 2.6:10°Mt-¢ %, mnsa Cu(L1)2 f-kroo. = 1.22:10" Mt-c 2.

F

O = N W s U N
1

[Cu(L,),] 107, M

Puc. 8. 3anexuicts crynens rampmytodoi aii F (Wo-W ! — W-Wq 1) ix mouatkosoi konmentparii Cu(L1)2

VY 1abi. 1 HaBeIeHO MOPIBHAHHS BeNWYMH KiHeTuuHOro mapametpy (f-kroo.) xenaris kynpymy(II)
npu okucHeHHs: bC 3a ogHakoBuX ymoB. Jljig MOpiBHSIHHS BHOpaHO BiqOMHI €()EKTHBHHI aKIETITOP
MEPOKCHIILHUX paauKaiiiB loHoII.

Taoamusa 1. Benuuwnan kinetnunoro mnapametpy (fkroo.) xematiB kynpymy(Il) B mopiBHsAHHI 3
npucaakor lonon

Kommieke kynpymy Bwmict dayopy, % Mac. f-kroo*, Mt-ct
Cu(Ly), 33.33 12.2-10°
Cu(L.): 30.81 8.8-10°
Cu(Ls) 28.36 9.44-10°
Cu(La), 47.7 9.63-10°
Cu(Ls); - 9.11-10°

IoHON — 2.6-10%

Sx BUAHO 3 OTPUMAHUX [aHUX, HAWOUIBII e(EeKTHUBHMM iHTIOITOPOM B MOJENBHIN peakiil
ininifioBanoro okuchHenHss BC BusBuBcs Cu(Li)2 (dmyopoBmicuuit xematr kynpymy — 6ic-(1,1,1-
Tpudyopo-4-okcoOyT-2-eH-2-1710Kci) Cu).

AntnokcuaanTHa aktuBHICT CU(L2)2 3HIXKYETBCS TIPU TOSABI B JIiTaHAaX IBOX METHUJIBHUX IPYII
(HallHKYMI  TIOKa3HWUK Cepel JIOCHI[DKEHHX KOMIUIEKCIB). 3amMiHa METWJIBHHX TPyl Ha
TpugyopoMeTiiibHI 30imbInye 3natHICTh Komruiekcy Cu(L4)2 ramemyBaTH pajuKaibHO-JIAHIFOTOBE
okucHeHHss BC. 3amina BciX TpUGIyOPOMETHIBHUX TPYN Ha METHIIbHI 3HU)KYE AHTHOKCUIAHTHY
akTuBHICTh Cu(Ls)2. Ame He Oyno BHSBICHO KOpeNsIii MK BMICTOM (uyopy B XelaTax Ta iX
CIPOMOXKHOCTIO TaJibMyBaTH Ipoliec okucHeHHs bC.

Orxe, cunTesoBani xenatu Kynpymy(Il) Bxe mpu komentpamisx 107-10° M cyrreso
KaTaJIiTHYHO TallbMyloTh mpouec okucHeHHS BbC atmocdepHum kucHeM 3a Ttemmeparypu 50 °C i
CTAHOBJISAATh MPAKTUYHUI 1HTEPEC SIK CTa01113aTOPU OKUCHEHHS CITUPTIB.

3 MEeTOI0 OLIHKM IEePCIeKTUBHOCTI BUKOpUCTaHHA (iayopoBmicHuX xenaTiB Kynpymy(Il) sx
Oarato(yHKI1OHAJbHI J0/1aTKW B CIMPTOBMICHUX MaJIMBaX MapajeilbHO 3 aHTHOKUCHIOBAIHHUMU OYyII0
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JOCITI/DKEHO TAKOX 1 1X MPOTHU3HOCHI BJIACTUBOCTI. 3a 3araJIbHONPUUHATUM BHU3HAYCHHSIM, MAaCTHJIbHI
BJIACTUBOCTI MaJMB Ta MACTHJIBHUX MaTepialiB — Ie iX 3[JaTHICTh 3MEHIIYBaTH TEPTS Ta 3HOC
KOHTAKTHHUX TIOBEPXOHb, IO PYXAOThCS BIJHOCHO OJHA OHIE€I NMPU MPHKIAACHOMY 10 Tapu TEPTs
HABaHTaXXCHHI. Y CYYacHUX JIBUTYHaX BHYTPIIIHBOTO 3TOPSIHHS, IO TPAIIOIOTh HA PIAKUX MaIWBax
(6eH3nMHax, AM3EIBPHUX Ta PEAKTUBHUX) NAJIMBO OKpiM OCHOBHOI ¢yHKIII — TpaHchopmarrii
aKyMyJIbOBaHOI XiMI4HOT €Heprii B TEIUIOBY 1 MEXaHIuYHy POOOTY ABUTYHIB TIOBUHHO BUKOHYBATH TaKOX
POJIb MACTHIILHOTO MaTepially Ui TUTYH)KEPHHX HAcoCiB, €JIEMEHTIB (DOpPCYHOK Ta IHINMX JeTayiei
NAJMBOYTBOPIOIOYOT Ta perymoBaibHOi amapatypu [13]. Cran wmiel amapartypu BU3HA4Yae BHUTPATH
MajauBa, HAJIHHICTh, pecypc Ta (YHKIIIOHAJbHY MPUAATHICTH ABUTYHIB B Iijiomy. Tomy mpobiema
OLIIHKH MPOTHU3HOCHUX BJIACTUBOCTEH CyYaCHUX MOTOPHHX MAJIUB, SIK TPAAHMIIHHUX BYTJICBOHEBHX, TaK
1 OlonmajwB, € BaXKIMWBOKW IS PO3POOKH KOMIO3UIIIMHOTO CKJIaAy IMajluB, CTBOPCHHS HOBHUX
MPOTU3HOCHUX TPUCAJIOK Ta PEKOMEH/IAIIH 111010 X BUKOPUCTAHHSI.

3aBepiianbHi HAOUIBIIT JOCTOBIPHI BUNPOOYBaHHS MapTiii MOTOPHHUX MajUB Ha BiJIMOBIAHICTH
M0 MPOTH3HOCHUM BIIACTHBOCTSIM Iepe]] 1X MPAKTUYHUM BIPOBADKCHHSM MPOBOJSATh HAa DPEATbHHUX
JIBUTYHAX. AJle [1e BUMarae 3HauHUX BHUTPAT MOTOPHOTO MaJKMBa (JIECATKH TOHH) 1 € TOBrOTPUBAIUMH B
yaci. Iyl CKpUHIHTOBOT O€3MOTOPHOI OIIHKH MPOTU3HOCHHUX BJIACTUBOCTEH PIKUX MOTOPHHX TAJIUB HA
MOYAaTKOBUX €Tamax y CBITOBIA MpPakTUI[l BUKOPUCTOBYIOTh Ouibine 10 MeTomiB TpuOOIOTiYHUX
BunpoOyBanb [14, 15].

L{i MeToau BIAPI3HAIOTHCSA cXeMaMH (DPUKILIMHOTO KOHTaKTy, MaTepiajJaMH Mapu TEPTs, YacoM
BUNIPOOYBaHb 1 HaBaHTaXEeHHAM. I[lpu mpoBeeHHI TPUOONOriYHUX BUNPOOYBaHb MPOTU3HOCHI
BJIACTUBOCTI JU3EJIbHUX IaJHB XapaKTePU3YIOTh BEIMYMHAMH TAaKUX TOKA3HHKIB: KOCQIIIEHT TepT,
Cepe/Hil JiaMeTp UM 3HOCY (IIpH BUOpPAHMX CTaHAAPTH30BAHUX YMOBAaX), a TAKOX 3a BEIUYHUHOKO
HECYYOl 3JaTHOCTI (KPUTUUYHOTO HABAHTAXKEHHS JI0 33AUPY).

VY Hammx JOCHIJDKEHHSAX OLIHKY BIUIMBY JOAATKIB Ha MPOTH3HOCHI BIACTUBOCTI OlomaiuB
OLIIHIOBAJIM 3a 3MIHOIO Hecydoi 3aaTtHocTi. Hecyda 3/1aTHICTh MaJiuB BU3HAYaA€ Jiana3oH HaBaHTa)KEHb,
IPU SIKUX B 33/1aHUX CTAHAAPTHUX YMOBAX Peai3yeThCsl PEXUM PITMHHOTO TEPTS 10 MOMEHTY PO3pUBY
MNpolIapKy pIAMHA Ta BUHUKHEHHS METAJEeBOIO KOHTAaKTy (PUKIIHHUX TOBEPXOHb 3 iX
MIKPOIOIIKO/XKEHHIM — 33 JUpaMHU.

XapakTepuCTUKa HECy4yoi 3AaTHOCTI JUId PIAMHU 3a CBOIM (DI3MUHUM 3MICTOM € aHajiorom
BIJIMIOBITHOI XapaKTEpUCTHKH JWHAMIYHOI MILHOCTI Ui TBEpAMX TUI, BOHM OOWIBI BiAOOpakaroTh
3/IaTHICTh MaTepiaiiB MPOTH/IATH 30BHIITHHOMY HABAaHTA)KEHHIO HA HHX.

Ha puc. 9 nokasano, 1110 Hecy4a 37JaTHICTh €TaHOJIY 3MIHIOETbCS HEMOHOTOHHO NpH 3011bIIEHH]
KoHIeHTpaiii gomatky Cu(Li)e.

[IporuzHocHi BractuBocti Cu(L1)2 BU3HAUaM 3a BIUIMBOM IX Ha HECydy 37aTHICTh €TAHOJIBHHX
po3uuHiB (Tabu. 2). Haiikpaimum 3a MpOTU3HOCHUMHE BJIACTHBOCTSIMH BHSIBHBCS XenaT Kynpymy Cu(Ls)2
3 TpUPIYOPOMETHILHUMHU Ta TiIPOKCUMETUIBHUMHU TpyNMaMd B JITaHJl TpH JlarOHAJIBHOMY IX
PO3MIIIIEHHI BiJTHOCHO LIEHTpaJbHOTO aToMy Metany. JlonaBanus Cu(Ls)2 minBuinye Hecydy 3AaTHICTH
eraHony Ha 65 %. Ilpu 1bOMy 3aJeXKHICTh HECY4Oi 3/JaTHOCTI PO3YMHY BiJl BMICTY JOAATKY
HEMOHOTOHHA, MaKCHUMallbHE MiJABHIICHHS crocTepiragoch mnpu koumeHtpamii Cu(Ls)z B miana3soni
0.001-0.01 mac. %.

OTxe, HAa OCHOBI pPe3yJIbTATIB MPOBEICHUX JOCITIKEHb, MOXKHA ITPOTHO3YBATH, III0 CHHTE30BaHI
Hamu xenatu kynpymy(ll) € mepcrneKTHBHMMHU JUIsi BUKOPUCTaHHS SK MONMI(pYHKIIOHATBHI JTOAATKH
(aHTHOKCHJAHTHOI Ta MPOTU3HOCHOT Jiif) 10 €TAHOJIBMICHUX MOTOPHUX HaJIUB.
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Puc. 9. KoHuenTpariiiiHa 3a1e)KHICTh HECYYO0i 37]aTHOCTI eTanouy Bix Bmicty Cu(L1)2

Taéauus 2. Brums xenaris Cu(L1)2, Cu(Lz2)2, Cu(L3s)2, Cu(L4)2 Ta Cu(Ls)2 Ha TPOTH3HOCHI BIaCTHBOCTI
€TaHoJTy

Hocuipkeruid KoeditieHT migBuIneHns
CkJ1a1 €TaHOIBHOIO Jiana3oH BMICTY Kpurnune Hecu 401 3 ;lTHOIgTi
po3uuny JOJATKy B €TaHOII, HaBaHTaxeHHA Pk, H y A 5.0
% v €TaHOJIBHOTO po3urHy PK*/Pk
Etanoi 6e3 nomatky 0 85 1.0
1.4
Etanon + Cu(L1)2 0.001-0.01 120 ITigsumenns gHa 40 %
1.4
Etanon + Cu(L2)2 0.001-0.01 120 [Tigsumenns Ha 40 %
1.65
Eranon + Cu(Ls), 0.001-0.01 140 Mineumenss Ha 65 %
1.0
Etanon + Cu(L4)2 0.001-0.01 85 Hemae edekry
1.0
Etanon + Cu(Ls)2 0.001-0.01 85 Hewmace epexry

Bucnoeku

CHHTE30BaHO Cepilo0 HOBUX XeJaTHUX KoMiuiekciB Kynpymy(1D).

JlocniakeHo 3a1eKHOCTI aHTUOKCUJAHTHUX Ta MPOTU3HOCHUX BIIACTUBOCTEH XEJIAaTHUX CHOIYK
KyIpyMy 3 GJIyOpOBMICHUMH JIIFaHAaMH BiJl OyJOBH LIUX METATIOKOMILJIEKCIB.

BcranoBieno, mo cuHTe30BaHl (uayopoBMicHI xenatu Kynpymy(ll) e xatamituuyHUMEH
1Hr10iTOpaMu OOpPHUBY JIAHITIOTIB PIAUHHO-()a3HOTO OKUCHEHHS O€H3UJIOBOTO CIIUPTY.

Bussieno ¢akr cyrreBoro (Ha 40-65 %) migBUIIEHHS MPOTU3HOCHUX BIIACTUBOCTECH €TAHOJIBHHUX
pPO3YMHIB TpU BBEACHHI J0 HUX Malux KOHIeHTpauii xenatiB kynpymy(Ill) 3 ¢myopoBmicHuUMEU
JIraHgaMH.
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Chelate complexes of Cu(ll) with fluorine-containing ligands: synthesis, structure,
antioxidant and antiwear properties

Vitaliy O. Yevdokymenko '*, Volodymyr S. Pylyavsky !, Tetyana M. Kamenieva ?,
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Improving the antioxidant and antiwear properties of alternative ethanol-based motor fuels is a pressing
problem in petrochemistry. The most rational way to solve this problem is currently considered to be the addition
of metal complex compounds in small concentrations to the composition of such fuels. Copper(ll) chelates with
fluorinated 1,3-diketones, hexafluoroacetylacetone, etc., due to their high volatility and stability, are used in many
application areas. However, the use of copper(ll) chelate with hexafluoroacetylacetone as an additive to high-
tonnage petroleum products (motor fuels and oils) is hindered by the high price of fluorinated 1,3-diketones. The
use of fluorinated 1,3-ketoaldehydes, trifluoroacetylacetaldehyde, etc. can solve this problem and increase the
stability of such copper(ll) chelates. A series of copper(ll) chelates with fluorine-containing ligands of different
structures was synthesized, their structure and influence on the chemical properties of alternative ethanol-
containing motor fuels were investigated. The antioxidant activity of copper(ll) chelates was determined by the
volumetric method (gasometric setup) on a model reaction of initiated radical-chain oxidation of benzyl alcohol
(thermal initiator — 2,2"-azo-bis-isobutyronitrile, free radical generation rate W; = 2.98 10 M-s™, temperature —
50+0.2 °C, partial oxygen pressure — 0.02-0.1 MPa). The dependence of the antiwear properties of ethanol
solutions on the concentration of copper(ll) chelates was evaluated by the change in the bearing capacity
(dynamic strength) of the solution according to the ASTM D2783 method on a four-ball tribometer at the critical
load value. It was established that the synthesized fluorine-containing copper(ll) chelates are inhibitors of the
catalytic action of chain breakage in the oxidation of benzyl alcohol, which leads to a long-term inhibition of its
oxidation process. The fact of a significant (by 40-65 %) increase in the antiwear properties of ethanol solutions
when copper(Il) chelates are introduced into their composition in low concentrations of 0.001-0.01 wt. % was
revealed. The prospects of using ultra-low concentrations of synthesized metal complexes for improving the
chemical properties of alcohol-containing motor fuels were shown.

Keywords: fluorine-containing copper(ll) chelates, oxidation of benzyl alcohol, inhibitor, anti-wear
properties, alternative motor fuels
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Lubricants based on synthesised emulsifier-stabilizer
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Hydroxylated fatty acids were synthesized by epoxidation of unsaturated fatty acids of waste food oil
followed by hydrolysis by acylglycerol grouping and oxirane rings. The fatty acid aminoamides of the oils were
synthesized by epoxidation of used fooding oil, followed by opening of the oxirane cycle and transamidation of
acylglycerols with diethanolamine. The use of lithium soaps of hydroxyacids from waste food oil as an emulsifier-
stabilizer, which acts as a lubricant thickener, and the introduction of fatty acid aminoamides of oils as an
antioxidant additive into the composition of lubricants made it possible to obtain a plastic (lithium) lubricant. The
physicochemical properties of lubricant were investigated and their quality indicators were compared with
lubricant based on 12-hydroxystearic acid. The developed lithium lubricant is characterized by improved
protective and tribological characteristics, increased stability to oxidation and mechanical stress, does not cause
corrosion of non-ferrous metals, and is not inferior to lithium lubricant based on an industrial analog of
12-hydroxystearic acid. The lubricant is intended for friction units of machines and mechanisms. The properties of
the resulting lubricant make it possible to predict its long service life in components and mechanisms and the
prospects for using the components used in lubricant formulations. On the one hand, these studies make it possible
to replace imported components for the production of lubricant thickeners, and on the other hand, to solve the
problem of utilization of by-products of oil and fat production.

Keywords: recycled fatty materials, emulsifier-stabilizer, antioxidant additive, lithium lubricants

Introduction

The wear and tear of moving parts of machinery and structural materials, as well as the duration
and efficiency of their operation, depend on the load and intensity of friction processes. To protect
surfaces from premature wear, lubricants are used to significantly increase the durability of various
machines and mechanisms. In general, lubricant is a complex dispersed system containing a base oil —a
dispersion medium (65-95 %), emulsifiers-stabilizers that act as a thickener — a dispersed phase
(3-30 %), and additives (0-10 %) [1-3]. It should be noted that the concentration of thickener in
lubricants is relatively low, but it is the thickener that primarily determines their performance
characteristics. The thickener forms the structure that gives the lubricant its plasticity, strength, colloidal
stability, and other volumetric and mechanical properties. The dispersed phase of lubricants can be salts
of higher carboxylic (fatty) acids — soaps, as well as solid high-melting hydrocarbons, inorganic and
organic materials. The dispersion medium of lubricants can be petroleum, synthetic or mineral oils, etc.
The classification of lubricants by type of thickener is important not only for assessing their quality
level, proper use, marketing, and other technical and economic studies but also for determining the
technological mode of production of certain lubricants.

Today, simple and complex lithium lubricants based on soap thickeners hold a key position in the
global market. According to the National Lubricating Lubricant Institute, in 2022, they accounted for
more than 62 % of total lubricant production in the United States, Western Europe, China and India [4].
The lithium lubricants market is expected to reach USD 3.5 billion by 2027, up from USD 2.6 billion in
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2021, at a CAGR of 4.9 % over the forecast period. According to Arizona Advisory & Intelligence,
1.2 million tonnes of lithium lubricants are expected to be sold in 2027 [5].

Lithium lubricants have found a multifunctional application and are used to lubricate rolling and
plain bearings, joints, and other friction units of machines and mechanisms. Until now, general-purpose
lubricant CIATIM-201, made with petroleum oil thickened with lithium stearic acid soap and an
antioxidant additive, has been widely used in Ukraine for these purposes. The lubricant is characterized
by its performance at low temperatures, but does not meet current EU requirements due to its low
mechanical and colloidal stability, insufficient dripping point and upper temperature limit, and a
tendency to seal during long-term storage. These negative properties are associated with the stearic acid
soap thickener.

However, 12-hydroxystearic acid is mainly used as a thickener for the highest-quality lithium
lubricants. In Ukraine, a wide range of lubricants, such as Phiol-1, Phiol-2, Lithol-24, etc. are
industrially produced using this thickener. These lubricants are characterized by high thermochemical,
colloidal, and mechanical stability, low water washout, water resistance, and a wide temperature range.
Lithium soaps are formed due to the reaction of 12-hydroxystearic acid based on vegetable oil (castor
oil) with hydroxides of alkali or alkaline earth metals (lithium hydroxide). But 12-hydroxystearic acid is
imported from India, Brazil or China.

All this encourages scientists and lubricant manufacturers to search for effective alternatives to
raw materials. The use of vegetable oils or by-products from oil and fat production as components of
high-temperature lubricant compositions is limited due to low thermal oxidation stability [2, 6], which is
due to the presence of triglyceride groups and double bonds in the acyl residues of unsaturated higher
fatty acids. Therefore, the use of these products in high-temperature lubricants requires additional
chemical modification.

It should be noted that most modern oleochemical technologies are based on refined oils, the use
of which for technical needs is problematic due to food shortages. In contrast to the generally accepted
approach of using refined oils (rapeseed, sunflower, corn, etc.), it has been shown in [6-7] that the use of
oil mill wastes and secondary fatty resources constitute the largest group of higher fatty acids for the
synthesis of surfactants, emulsifiers, additives, etc. with the subsequent development of lubricants based
on them.

We propose waste food oils (WFO) as a potential raw material. These studies will allow, on the
one hand, to replace imported components for the production of lubricant thickener, on the other hand,
to solve the problem of utilization of by-products of oil and fat production, and taking into account the
economic factor: the cost of used edible oil is 2-3 times less than fresh oil [8-10]. WFO is produced
geographically everywhere, mainly in households and hotel and restaurant businesses, and its current
global production is estimated at 20 % to 32 % of total oil consumption (41-67 million tonnes per year)
[11]. WFO are considered to be waste that is hazardous to the environment [12]. As the world’s
population grows, the volume of these by-products will only increase.

During the frying of foods, oxidation, hydrolysis, isomerization, and polymerization of oils
occur. WFO are mainly composed of triglycerides, monoglycerides, diglycerides, and free fatty acids
(5-20 % by weight). Therefore, WFO can be considered a source for the production of environmentally
friendly emulsifiers-stabilizers for lubricants [13-16].

Thus, this work aims to synthesize an emulsifier-stabilizer as a thickener for a lubricant
composition and to develop a multipurpose lithium lubricant for friction units of machines and
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mechanisms that would combine high antioxidant and volumetric-mechanical properties with improved
protective and tribological characteristics.

Experiment

Materials

Waste food oils (WFO), a sample provided by a local catering establishment, were used as an
alternative source of secondary fatty acids. 99.5 % potassium iodide, 35 % hydrogen peroxide, 99.8 %
sodium hydroxide, 99 % lithium hydroxide, 13 % hydrochloric acid, 12-hydroxystearic acid, 99.8 %,
99.5 % diethanolamine, 99.8 % formic acid were purchased from Chemlaborreactiv (Ukraine).

The main components of the fatty acid composition of the WFO sample were as follows, wt. %:
palmitic — 6.5; stearic — 3.4; oleic — 32.6; linoleic — 47.5; linolenic — 5.3; the remaining 3.4 accounted for
other fatty acids; water content — 1.3 wt. %. Kinematic viscosity at 40 °C is 4.7 mm?/s; density is
0.93 g/cm?; acid number is 3.2 mg KOH/g; iodine number is 83 g 12/100 g; saponification number is
184.2 KOH/g, melting point is 211 °C. The food products remaining in the WFO were removed by
filtration.

Testing methods

The IR spectra of products were recorded on the surface of the diamond prism of the
IR-spectrometer with Fourier transform Shimadzu IRAffinity-1Sn (Japan) with ATR-console Speacac
GS 10801-B. The structure of the synthesised substances was determined by NMR spectroscopy. One-
dimensional (*H, **C) NMR spectra were recorded on a Bruker AVANCE DRX-500 using DMSO-d6.
Differential thermal analysis (DTA) and thermal gravimetry (TG) were performed employing
Derivatograph Q-1500D in a temperature range 20-800 °C and heating rate 10 °C min ™2,

The volumetric and mechanical characteristics of the synthesized lubricants were evaluated by
penetration, dropping point and effective viscosity. The number of penetration was determined
according to 1SO 2137, which is expressed by the depth of immersion in a mixed 60 double stroke
lubricant of a cone weighing 150 g for 5s at a temperature 25 °C. This indicator characterizes the
consistency of the lubricant and is the basis of the NLGI classification. The dropping point was set
according to 1SO 2176, it is the maximum temperature at which a drop of lubricant falls from the cup of
the Ubbelode thermometer, which was heated at a rate 1.0-1.5 °C per minute. Since lubricants are
multicomponent systems that consist of components with different melting points, this method
conditionally characterizes the melting point of lubricants. The dropping point characterizes the upper
temperature limit for the use of lubricants. At dropping point of the lubricant of up to 150 °C, the
maximum working temperature is 25 °C lower, at dropping point from 150 °C to 205 °C, working
temperature is 40 °C lower, and at dropping point above 205 °C, the working temperature will be 70°°C
lower [17].

Resistance to oxidation of lubricants was analyzed by the change of acid number after treatment
at 150 °C for 10 h on a copper plate according to GOST 5734. The viscosity of the lubricant samples
was determined by GOST 7163 using an automatic capillary viscometer AKV-2 at a temperature of 0 °C
and an average strain rate gradient of 10 s,

Anti-corrosionproperties of lubricants were evaluated according to ASTM D 4048. The essence
of the method consists in keeping a copper strip in the samples of lubricants for 24 hours at a
temperature 100 °C and visual comparisonof the change of the strip color with corrosion standards.
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Tribological characteristics of lubricants were determined on a four-ball friction machine at a
constant temperature, with a rotation frequency of 1460+70 min~! for 10 s and a stepwise increase in the
load according to the critical load (Pc) indicators according to GOST 9490.

General methods

The synthesis of hydroxyacids of WFO was carried out in two stages. In the first stage, the mild
oxidation of the double bonds of WFO with hydrogen peroxide (35 wt. %) was carried out with the
participation of formic acid (99.8 wt. %). For this purpose, in a round-bottomed flask equipped with a
thermometer, stirrer, and reflux condenser, we mixed WFO (1 mol) and formic acid (5 mol) and cooled
the mixture to a temperature of 5-10 °C. Under these conditions, a hydrogen peroxide solution (2 mol)
was gradually (1-2 drops/min) added to the reaction mixture, the temperature was raised to 50-55 °C,
and the system was kept under constant stirring for 2.5 h. After that, the agueous phase was poured off,
and the upper organic layer was washed successively with aqueous solutions of sodium bicarbonate
NaHCOs (5 wt. %) and sodium chloride NaCl (10 wt. %). The separated epoxidized WFO was subjected
to alkaline hydrolysis with an aqueous solution of sodium hydroxide NaOH (3M) at boiling for 2 h. At
the last stage, an equimolar amount of hydrochloric acid was added to the obtained concentrated solution
of salts of hydroxylated fatty acids, and the resulting product was separated by filtration. The resulting
white precipitate was washed with water and dried in a vacuum drying oven to a constant weight to
obtain the finished hydroxy acids of the used edible oil. Fatty acid aminoamides of oil were synthesized
by epoxidation of oils and transamidation of acylglycerols with diethanolamine [6].

Results and Discussion

The use of WFO as a component of lubricant compositions is limited due to their low thermal
oxidation stability. This is due to the presence of triglyceride groups and double bonds in the acyl
residues of unsaturated higher fatty acids. To eliminate these active centers, chemical modification of
WFO was carried out to obtain an emulsifier-stabilizer as a thickener for lubricants — saponified
hydroxylated fatty acids of waste food oils (WFO.on) and an additive for lubricants — fatty acid
aminoamide (WFO.aa).

At the first stage of this work, WFO hydroxyacids were synthesized by epoxidation of
unsaturated fatty acids (oleic, linoleic, linolenic, erucic) or their mixture, which is part of used food oils,
followed by hydrolysis by acylglycerol groups and oxirane rings. Fatty acid aminoamides of waste food
oils as an antioxidant additive to lubricants were synthesized by epoxidation of oils followed by the
opening of the oxirane cycle and transamidation of acylglycerols with diethanolamine. The general
scheme of the reaction is shown in Fig. 1. In an alkaline environment, the epoxy ring opens with the
addition of a hydroxyl to the hydrocarbon chain, followed by the stabilisation of the hydroxyl group. At
the same time, a reaction involving the carbonyl of the ester group takes place to form salts of
hydroxylated fatty acids. The neutralization of sodium hydroxide was carried out with a hydrochloric
acid solution. Simultaneously with the neutralization of sodium hydroxide in an acidic environment, the
ester groups of hydroxylated WFO acylglycerides are hydrolyzed. The opening of epoxy rings and the
formation of free hydroxylated fatty acids were carried out in one reaction volume. Excess hydrochloric
acid was washed off with H20 to a neutral medium.

WFO hydroxyacids are a white crystalline powder with a saponification number of 182.7 mg
KOH/g, a melting point of 74 °C, an iodine number of 0.9 g 1,/100 g, and an acid number of 178.1 mg
KOH/g. It is well miscible with almost all traditional petroleum and synthetic base oils.
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Fig. 1. Preparation of WFO hydroxyacids and WFO fatty acid aminoamide

WFO fatty acid aminoamides are brown lubricant-like substances with an acid number not
exceeding 22-25 mg KOH/g and a flow point of up to 30 °C. They are highly soluble in petroleum oils,
aliphatic and aromatic hydrocarbons, and mixtures.

IR-spectroscopy

The presence of -OH groups in the structure of WFO.on was revealed by the results of IR spectra.
The reaction of carbonyl fragments confirms the disappearance of bands 1745 cm™* and 1160 cm™, C=0
groups of esters (Fig. 2, curve 1) and the appearance of bands in the region of 1700 cm™, 1420 cm™ and
1290 cm™? (Fig. 2, curve 2), corresponding to the formed acid groups.
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Fig. 2. IR spectra: 1 — curve WFO, 2 — curve WFO.on, 3 — curve WFO.aa

In addition, the obtained hydroxylated products are confirmed by the disappearance of the
epoxide peak at 822 cm™ (Fig. 2, curve 1) and the appearance of a broad, flat band in the range
3250-3550 cm™ with a maximum of 3370 cm™ (Fig. 2, curve 2), corresponding to -OH groups formed
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as a result of the opening of the epoxy ring. On the IR spectra, the bands at 2920 cm™, 2855 cm™
correspond to the valence vibrations of the -CHz, -CHs groups, and the bands at 1460 cm~tand 720 cm™
to the strain vibrations of -CH.- (Fig. 2, curve 2).

In structure of the WFO.aa (Fig. 2, curve 3), there appears the band at 3300 cm™ of valence
oscillations of N-H group, besides, bands of 1745 and 1160 cm™, C=0 groups of esters disappear during
amidation with the occurrence of corresponding 1640 cm™ — valence and 1560 cm™ and 1055 cm™ —
deformation oscillations of the groups of formed amides.

NMR spectroscopy

The NMR spectra of WFO.on were interpreted as follows: *H NMR (DMSO-d6, 400 MHz):
6 =11.94 (extended singlet, 1H, COOH), 4.18 (extended singlet, 1H, OH), 2.17 (triplet, 2H, CH>), 1.47
(multiplet, 2H, CH>), 1.40 — 1.10 (multiplet, 28H, CHy), 0.85 (triplet, 3H, CHs). 3C NMR (DMSO-dS,
100 MHz): 6 =174.33; 37.21; 33.63; 31.38; 29.26; 29.11; 29.07; 29.02; 28.93; 28.74; 28.58; 25.26;
25.23; 24.48; 22.08; 13.87. According to the *H and *C NMR spectra, the sample of WFO.on is most
likely an individual compound with a small amount of impurities, not more than 5 % (signal in the
region of 4.75 ppm).

Differential thermal and thermogravimetric analyses of synthesised products

DTA and TG analyses revealed the of the thermal stability of WFO.on (Fig. 3 a). DTA curve
fixed three exothermic transitions at 98 °C, 250 °C and 349 °C, which are accompanied by the loss of
weight of WFO.on. Specifically, the weight loss started at 111 °C (Fig. 3 a, curve TG) that can be
considered a dehydration process, for example, through the removal of water from product. The
dehydration is accounted for 5.2 % of the total weight losses. Further mass losses occurred at 251 °C,
388 °C and 455 °C with full decomposition at 645 °C. DTA and TG analyses revealed the of the thermal
stability of WFO.aa obtained from waste food oils (Fig. 3 a). DTA curve fixed exothermic transitions at
95 °C, 191 °C and 375 °C, which are accompanied by the loss of weight of WFO.aa. The differential
thermal analyses data are in good agreement with the results of the thermogravimetric analyses of
WFO.aa. The weight loss started at 109 °C (Fig. 3 b, curve TG), further mass losses occurred at 202 °C
and 384 °C with full decomposition at 625 °C.
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Fig. 3. Derivatogram of WFO.on (a): differential thermal analysis — curve 1 and thermogravimetric
analysis — curve 2; derivatogram of WFO.aa (b): differential thermal analysis — curve 1l and
thermogravimetric analysis — curve 2
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Thus, according to the results of derivatographic analysis, the synthesised WFO.on and WFO_sa
is suitable for use in technical processes at temperatures up to 190-210 °C.

Production of lithium lubricant samples

In the second stage of this work, samples of lithium lubricant (LiWFO) based on API (American
Petroleum Institute) group 11 oil with a viscosity of 22.0 mm?/s at 100 °C with a pour point of -18 °C and
a flash point of 260 °C were made.

The prototypes of lithium lubricant were produced according to the traditional technology for the
production of lubricants containing lithium fatty acid soaps, which includes the following steps synthesis
of the WFO.on and WFO.aa; saponification of the WFO.on with lithium hydroxide solution in the base
oil environment; dehydration of the resulting oil-soap mixture; thermomechanical structuring of the
mixture with its subsequent cooling; introduction of the antioxidant additive (WFO.-aa); homogenization
of the lubricant on a laboratory three-roll grinder. The introduction of the above components into the
lubricant in a complex, as well as their specially selected quantitative composition, made it possible to
obtain an optimal technical result, namely, to expand the fatty acid raw material base for the
manufacture of high-quality multipurpose lithium lubricants and improve their protective and
tribological characteristics.

By this technology, samples (1, 2, 3) of lithium lubricant LIWFO with the following content,
% wit.: lithium soaps of hydroxyacid of oil — 24.0, aminoamide of fatty acids WFO — 3.0, petroleum oil —
the rest (sample 1); lithium soaps of hydroxyacid of oil — 22.0, aminoamide of fatty acids WFO — 2.0,
petroleum oil — the rest (sample 2); lithium soaps of hydroxyacid of oil — 20.0, aminoamide of fatty acids
WFO - 1.5, petroleum oil — the rest (sample 3). Also, a lithium lubricant was prepared using
12-hydroxystearic acid (Li120St).

The table presents a comparative analysis of the quality indicators of the manufactured samples
of lithium lubricants — Li120St and LIWFO.

Mechanical stability is one of the most important performance characteristics of lubricants,
which shows a change in its consistency during operation as a result of loads. The samples of lithium
lubricant were made of NLGI (National Lubricating Lubricant Institute) grade 3 consistency. The NLGI
lubricant classification system is based on lubricant consistency, which is determined by the value of the
«worked» penetration (with stirring by 60 double cycles). NLGI class 2 is the most common among
industrially produced lubricants, and their working penetration value is in the range of 220 mm-10~to
250 mm- 1074, For the lubricant samples (1, 2, 3), this indicator meets these boundary conditions (Table).

According to the results of studies of the mechanical stability of samples (1, 2, 3) of LIWFO, the
change in the penetration index after prolonged mechanical destruction (AP) decreased compared to
Lil20St sample (Table). This makes it possible to predict the long-term operation of the new lubricant in
friction units without destruction and leakage. He criterion for mechanical stability is the change in the
penetration index of the lubricant after prolonged mechanical destruction (P2-P1 = AP). According to
ISO 2137, the lubricants were subjected to destruction in a standard penetrometer mixer. P1 was
determined after 60, and P after 100,000 double strokes. The change in the state of the lubricant (AP)
characterizes the stability of its structural framework: for AP < 30 — mechanical stability is excellent, for
AP =30+60 — good, for AP = 61+100 — satisfactory, for AP > 100 — unsatisfactory [17]. For samples
(1, 2, 3) of lithium lubricant, the mechanical stability is excellent.

Viscosity is the most important operational characteristic that determines the conditions for
filling lubricant into friction units at low temperatures and affects the starting torque of bearings. The
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temperature at which the value of this indicator reaches 2000 Pa-s per 10 s characterizes the lower
temperature limit of the lubricant application. For samples (1, 2, 3) of LIWFO lithium lubricant, the
viscosity at a temperature of 0 °C and strain rates 10 s is 213 Pas, 203 Pa-s, 207 Pa-s, respectively
(Table). Thus, the lower temperature limit of application will be at the level of 0 °C.

According to the results (Table), the obtained samples of lubricating compositions (1, 2, 3) of
LiWFO are characterized by improved tribological characteristics (critical load — 735 N, 696 N, 696 N,
respectively) and withstand corrosion effects on copper (Table).

Table. Comparative properties of lithium lubricants based on different fatty acids

Values of the indicators
Name of indicator, unit of measure . LIWFO Testing method
Li120St
Sample 1 | Sample2 | Sample 3
Dropping point, °C 198 207 204 200 I1ISO 2176
Penetration at 25 °C, m-10*:
— after 60 double strokes (P1) 245 225 240 245 1SO 2137
— after 100,000 doubles strokes (P2) 270 235 254 263
— mechanical stability, change (AP) 25 10 14 18
Copper strip corrosion la la la la ASTM D 4048
Tribological characteristics on a four-
ball machine at (20+5) °C:
— critical load (Pc), N 657 735 696 696 GOST 9490
Viscosity at 0 °C and strain-rates
10s? Pas 207 213 207 200 GOST 7163
Resistance to oxidation: increase in
acid number (150 °C, 10 hours), 0.26 0.20 0.22 0.24 GOST 5734
mg KOH/g
Protective properties under dynamic
conditions. Corrosion rate, 2.6 1.8 1.9 2.3 «Dynacorotesty
mm-10*/year

The upper limit for the use of high-temperature lubricants is more than 150 °C, which often leads
to intensification of oxidative transformations of the dispersion medium and, as a result, deterioration of
the lubricant quality and reduction of the friction unit service life [14]. The experience of operating
lubricants at high temperatures indicates the need to use them in their composition, in addition to a stable
dispersion medium, and effective antioxidant additives. Hydrocarbon oxidation occurs by a radical
mechanism, and its termination depends on the presence of agents that can interrupt chain reactions.
This role can be played by amide nitrogen, which is capable of donating a proton and an unpaired pair of
electrons, thus becoming a radical with significantly lower mobility and activity, thereby inhibiting such
processes. A synthesized additive, fatty acid aminoamides (WFO.a4a), is used as an antioxidant in the
lubricant.

The antioxidant properties of the lubricant samples were analyzed by GOST 5734 by changing
the acid number before and after its oxidation. Since acidic substances are formed during the oxidation
of lubricants, their amount can be used to assess the protective properties of an antioxidant additive. The
best are the samples (1, 2, 3), in which the increase in the acid number is less (0.20 mg KOH/g, 0.22 mg
KOH/g, 0.24 mg KOH/g, respectively) (Table).

As can be seen from the results of the study (Fig. 4), the highest antioxidant activity of fatty acid
aminoamides as additives is observed in the concentration range of 1.8-2.0 %.
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3 - ethylenediamine

The protective properties of the resulting thixotropic systems were tested on a special
“Dynacorotest” bench. The device allows the evaluate the protective properties of lubricants under
dynamic conditions by the corrosion rate of rolling bearings. The corrosion rate of metal-bearing
surfaces is calculated based on experimental values of the polarisation resistance, which is determined
by a universal corrosion rate meter. The “Dynacorotest” device provides a mode for determining the
corrosion rate at a bearing rotation speed of 500 min~t. In contrast to the DIN 51802:2017 and
IP 220:015 methods, which require an experiment duration of 164 hours, the Dynacorotest test duration
does not exceed 3 hours. The corrosion rate is expressed in A/cm?, and for greater clarity is converted to
mm/year. To test the protective properties, fatty acids aminoamide in the amount of 0.5-3.0 % by weight
were added to the obtained LIWFO lubricant samples before the homogenization stage. The results are
shown in Fig. 5 and Table.

\505
T T T T T T T T T T T T
0 100 200 300 400 500 600

T,°C
Fig. 6. Derivatogram of a lithium lubricant sample: 1 - curve of differential thermal analysis, 2 -
thermogravimetry curve
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As shown in Fig. 5, the corrosion rate of the developed thixotropic compositions decreases with
an increase in the amount of fatty acid aminoamide in their composition. Still, when the concentration
reaches 2.0 % by weight, this value practically does not change. Therefore, introducing fatty fatty acid
aminoamide in larger quantities does not significantly change the antioxidant properties of the finished
lubricant.

Differential thermal and thermogravimetric analyses of lubricant

The derivatographic analyses showed the degree of thermal stability of the lithium lubricant
sample 1. The curve of differential thermal analysis (DTA) (Fig. 6, curve 1) shows exothermic peaks at
324 °C, 411 °C, 455 °C, and 507 °C, which characterize the thermal oxidation destruction of the
dispersion medium and the dispersed phase of lithium lubricant. The thermogravimetric analysis (TGA)
curve (Fig. 6, curve 2) shows that the lubricant sample remains thermally stable up to 195 °C, with
almost no mass loss, which indicates high resistance of the lubricant composition to thermal
transformations. When the temperature rises to 200-202 °C, intensive mass loss begins due to chemical
decomposition and evaporation of the dispersion medium. Upon reaching a temperature of 512-550 °C,
any energy effects disappear due to the complete thermal decomposition of the lubricant sample.

The dripping point at which the lubricant changes from a plastic solid to a liquid state is 207 °C,
204 °C, and 200 °C, respectively (Table). Thus, the upper-temperature limit for the developed lithium
lubricant LiIWFO according to derivatographic studies, dripping point, and calculations is 150 °C.

Summarising the results obtained, it can be stated that the objective has been achieved. The
proposed lubricant composition LIWFO is superior in some respects to the prototype Li120St lubricant,
and the optimal ratio of the new lubricant compositions ensures the manufacturability of production and
their high technical and economic characteristics during operation.

Conclusion

The use of lithium soaps of hydroxoacids of waste food oil as a lubricant thickener and the
introduction of fatty acid aminoamides of oils as an antioxidant additive into the composition of
lubricants made it possible to obtain a plastic (lithium) lubricant characterized by improved protective
and tribological characteristics, increased stability to oxidation and mechanical action and not inferior to
lithium lubricant based on an industrial analog of 12-hydroxystearic acid.

The properties of the resulting lubricant make it possible to predict its long service life in
components and mechanisms and the prospects for using the components used in lubricant formulations.
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CHHTE30BaHO TiAPOKCHUIBOBAHI JKUPHI KHCIOTH LUIIXOM IPOBEICHHS EMOKCHIYBAaHHS HEHACHYEHUX
KUPHHUX KUCIIOT BiAMPalbOBaHOI XapuoBO1 OJii 3 HACTYITHUM TiAPOJI30M 32 alMITIiLEPUHOBUM YIPYITyBaHHIM Ta
OKCHPAaHOBUMH KUTBIIIMH. AMIHOAMIIH XUPHUX KHUCIIOT OJiM CHHTE3YBaJM EMOKCHIYBAHHSM BiANPaIibOBaHOI
Xap4oBoi omii 3 HACTYNHHM pPO3KPUTTSIM OKCHUPAHOBOTO IMKIY 1 TpaHCaMiAyBaHHSAM alWiITJIiIepUHIB
JieTaHoJIaMiHOM. 3aCTOCYBaHHS JITIEBUX MW TiAPOKCOKHUCIOT BiANpalboOBaHOI Xap4yoBOoi Oii sIK eMyJibraropa-
crabinizaTopa, sSIKHil BUKOHY€E (DYHKLIIO 3aryCHUKA MacTHJ Ta BBEICHHS JI0 CKJIaay MacTHJI aMiHOaMidy >KUPHHUX
KHCIIOT OJIif SIK aHTHOKMCHIOBAIILHOTO JIOJIaTKa JO3BOJIIIIO OJiepKaTh IiacTudre (JmiTieBe) mactuio. Jlocmimkeno
(i3MKO-XIMIUHI BIACTUBOCTI MacTHja Ta MPOBEJCHO MOPIBHSUILHUM aHalli3 iX MOKa3HUKIB SIKOCTI 3 MAaCTHUJIOM Ha
ocHOBi 12-rimpokcucteapuHoBoi KuCIOTH. Po3pobieHe miTieBeé MacTHIO XapaKTepU3YEThCS MOKPALICHUMH
3aXUCHUMH Ta TPUOOJOTIYHUMHU XapaKTEPUCTUKAMU, IMiJBUIICHOK CTAaOUTHHICTIO O OKWCHEHHS Ta MEXaHI9HOI
i, He BUKIIMKAE KOPO3it0 KOJHOPOBUX METAJIB i HE MOCTYIMAETHCA JIITIEBOMY MacTHIy Ha OCHOBI IIPOMHCIIOBOTO
ananora 12-rizpokcucteapuHoBoi KUCHOTH. [lmacTiyHe MacTWiIO TpW3HAuUEHE Ui BY3JiB TEpPTs MalluH i
MeXaHi3MiB. BmacTHBOCTI o/lep:kaHOTO MacTHIa Ial0Th 3MOTY IMPOTHO3YBAaTH TPUBAIUI CTPOK MOTO eKCIUTyaTamii
B By3JlaX 1 MeXaHI3Max Ta TNEepPCHEKTUBHICTh 3aCTOCYBaHHSI BUKOPHCTAaHHX KOMIIOHEHTIB B peIenTypax
MaCTHJILHUX KOMIO3uLid. JlaHi AOCTIKSHHS J03BOJIAIOTh 3 OAHOrO OOKY 3aMiHUTH IMIIOPTOBaHI KOMITOHEHTH
JUIsT BUPOOHMIITBA 3aryCHHUKA MAacTHJ, a 3 IHIIOTO — PO3B’s3aTH MpobieMy yTwiizamii MOOIYHUX NPOIYKTIB
OJTIiEXKMPOBOTO BUPOOHHMIITBA.

Knrouoei cnosa. BTOpUHHA )KUPOBA CUPOBUHA, €MYJIBraTOP-CTa011i3aTOp, aHTHOKUCHIOBAJILHUH JTOJATOK,
JITIEBE MaCTHIIO
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This work presents the results of studies of the microstructure and properties of lubricant samples based
on synthesized complex lithium soaps of hydroxylated fatty acids from of waste food oil as a lubricant thickener.
The results of scanning electron microscopy confirmed the differences in the peculiarities of the formation of the
structural framework of lubricants depending on their composition, thickener concentration, complexing agents,
and heat treatment temperature. It was determined that it is the lubricant thickener that binds the dispersion
medium through intermolecular interaction, forms a three-dimensional interwoven microstructure, and gives the
lubricant improved rheological and volumetric-mechanical properties. Complex lithium soap is more structured
than simple lithium soap, although both are formed by a connected three-dimensional mesh microstructure. It has
been shown that the rheological and operational properties of lubricant can be improved by using various
complexing agents. The lithium complex lubricant samples are characterized by the maximum thickening effect
and have lower effective viscosity values at minus 30 °C. With an increase in the concentration of the thickener,
the effective viscosity of lithium complex lubricants increased, but the indicators of mechanical stability and drop
point remained almost unchanged. It was found that the optimum heat treatment temperature for complex lithium
lubricant is 220 °C. If the heat treatment temperature of the lubricant was exceeded, for example, at 240 °C, the
microstructure of the complex lithium soap was destroyed, which led to a deterioration in viscosity and colloidal
stability. The established rheological, volume-mechanical, and temperature regularities of the structure formation
of the dispersed phase of lubricants can be used to select rational modes of obtaining complex lithium lubricant
compositions intended for use in friction units of modern machines and mechanisms.

Keywords: lubricant thickener, microstructure, rheology, mechanical stability, complex lithium lubricants

Introduction

Modern advanced technology places stringent requirements on lubricant developers. Lubricants
have to withstand friction units' overheating, stay on surfaces at high speeds, not leak out of bearings,
not cause metal corrosion, and protect them from the harmful effects of various factors. Lubricants with
a wide range of operating temperatures and those that work in the presence of moisture are increasingly
in demand. Lithium lubricants (simple and complex) fully meet these requirements.

Lithium lubricants consist of a base oil (mineral or synthetic) and a lithium soap thickener, which
is obtained by direct saponification (in situ) of usually stearic/monohydroxystearic acid, as well as
various natural fats and synthetic fat substitutes [1]. Lithium lubricants are classified as multipurpose
lubricants. They are water-resistant, characterized by good mechanical and thermal stability, a wide
range of application temperatures, suitable for lubricating most friction units of industrial equipment and
vehicles, and provide long-term protection against oxidation, corrosion, extreme temperatures, and wear.

Lithium complex lubricant (cLi) is an improved version of lithium lubricant, which includes a
thickener based on lithium complex. Complex lithium soap (cLi-soap) is a product of cocrystallization
of Li-soap of high molecular weight fatty acids and Li-salts of low molecular weight organic and
inorganic acids [1]. Lubricants based on cLi-soaps are characterized by improved antioxidant,
mechanical and thermal stability, and anti-wear characteristics compared to simple lithium lubricants.
Their dropping point exceeds 230 °C. Complex Li-lubricants are durable, and stable and are most often
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used to fill friction units for the entire period of their operation. They are ideal for high-temperature,
low-temperature, and highly loaded industrial applications such as bearings, gears, and heavy
machinery.

The authors of [1, 2] showed that the main component of cLi-soaps is monohydroxycarboxylic
acids with a different arrangement of the hydroxyl group in the hydrocarbon radical of the acid about the
carboxylic group — 12-HoSt, obtained as a result of hydrogenation of castor oil; 6-HoSt, synthesized by
free radical addition of cyclohexane to a-oleic acid; 9(10)-HoSt, obtained by hydroxylation of oleic acid,;
6-HoSt, synthesized by the free radical addition of cyclohexane to a-olefins followed by oxidation of
2-alkylcyclohexanol, accompanied by ring breakage. The complexing agent was dicarboxylic acids
(H2Dc): azelaic acid (H2Az), adipic acid (H2Ad), sebacic acid (H2Se), or hydroxybenzoic acid in
combination with boric acid in cLi-soap. Mineral and synthetic base oils, which differ in viscosity,
aniline point, and other physical and chemical characteristics, were used as dispersion media. Also in
these works, the optimal values of the molar ratio of cLi-soaps and dicarboxylic acids are given. It is
noted that an increase in the proportion of H2Dc reduces the thickening ability of cLi-soap, decreases
the drop point, and worsens the rheological characteristics of cLi-lubricants and their microstructure.

Lithium complex lubricant is the most common lubricating grease in the high-end lubricant
market. Lithium complex soap holds base oil by intermolecular interaction and shows the entangled
fiber structure, where its composition and structure influences the rheological properties [3]. Yeong et al.
[4] found the yield stress and viscosity of lithium lubricant increase as the increase of thickener
concentration, as well as storage modulus, attributing to the high volume fraction of thickener
concentration results in a stronger gel network. Delgado et al. [5, 6] found that the soap fiber shows
higher physical entanglement with the increase of soap concentration, and the relative elastic
characteristics increases with the decrease of base oil viscosity due to the lower viscosity of base oil
increase the affinity for the soap.

Investigations at the Competence Center of Tribology Mannheim show that the lubricant service
life for roller bearing lubrication, even at high temperatures, does not only depend on classic oil aging.
In numerous roller bearing tests and by means of rheological measurements, it could be shown that the
loss of the lubricating effect is a consequence of the change in the thickener structure. The fiber structure
and the inner network are of the greatest importance for the lubricating properties of soap greases [7].
Adhvaryu et al. investigated the change in the fiber structure of lubricating greases as a function of
antioxidants. Unsaturation and fatty acid chain length of soap molecule dictate the fiber shape and
distribution, which can be translated to hardness, thermo-oxidative stability, shear stability, water
tolerance, and other important properties of grease [8]. They define the breakdown of the structure as
damage to the lubricating properties. Couronne and Vergne found that the fiber length is shortened by
thermal aging [9]. Gongalves et al. found also that the thickener matrix changes with thermal aging [10].
Shen et al. investigated the thickener structure of a lithium—calcium thickened grease and also showed
that the network structure is gradually destroyed with a longer thermal aging time and that the stability
of the grease structure decreases significantly [11].

Hodapp et al. [12] noted that the type and viscosity of the base oil does not affect the absolute
value of the complex viscosity and the shape of the filaments formed by this thickener. The complex
viscosity of the lubricants only depended on the thickener concentration. High-frequency shear modulus
data, however, indicated that the thickener lithium 12-hydroxystearate formed stiffer networks/filaments
in poly-a-olefins than in mineral oils. As expected, the viscosity increased with increased thickener
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concentrations, but microscopy and high-frequency rheometry revealed that the thickness, length, and
stiffness of the individual filaments did not change. In mineral oil, the 12-hydroxystearate thickeners
yielded higher viscosity than the corresponding stearates with the same metal ion. The filamentous
lithium thickeners created stronger networks than the roundish aggregates formed by magnesium and
zinc stearate.

Saatchi et al. [13] investigated the mechanism of oil release from the lithium complex in soap
and nonsoap thickeners of greases. It is assumed that the leakage occurs from the viscous flow of
unbound oil in the porous structure made of the effective media (the region surrounding the thickener
particles).

Zhang et al. [14] investigated on microstructure, friction and rheology of four lithium greases
formulated with four different base oils (paraffinic oil, naphthenic oil, poly-a-olefin and polyol ester). It
was found that naphthenic oil-based grease exhibited the best colloidal stability. Lithium fibers in polyol
ester-based lubricant showed a relatively flat network compared to the three-dimensional entangled
structure of the other three greases. Tribological performance of greases differed from their
corresponding base oils, which might be attributed to the different microstructure of lithium soap fibers.
Three-dimensional entangled structure was more suitable for friction-reducing than flat network
structure. Moreover, noise test revealed that naphthenic oil-based lubricant was suitable for low-noise
bearing lubrication. This study provided fundamental guidance for the selection of base oil which is
beneficial for the development of high-performance lubricant products.

In industrial production, the selection of raw materials is often based on the criteria of
availability and cost. Aromatic, alicyclic, and aliphatic amines with up to 20 carbon atoms in the
hydrocarbon chain are commonly used to make lithium greases. Lithium soaps are obtained by
saponification of 12-hydroxystearic acid with LiOH and organic acids [1, 3]. In works [15-18],
hydroxylated fatty acid soaps based on vegetable oils or secondary fatty raw materials were synthesized,
and thixotropic systems with improved performance characteristics were developed.

Therefore, the purpose of this work is to obtain samples of complex lubricants based on
synthesized lithium soaps of hydroxylated fatty acids from waste food oil and to study the effect of the
microstructure of these samples on rheological and volumetric-mechanical properties.

Experiment

Waste food oils (WFO), a sample provided by a local catering establishment, were used as an
alternative source of secondary fatty acids. 99.5 % potassium iodide, 35 % hydrogen peroxide, 99.8 %
sodium hydroxide, 99 % lithium hydroxide, 13 % hydrochloric acid, 12-hydroxystearic acid, 99.8 %,
99.5 % diethanolamine, 99.8 % formic acid, 99.7 % adipic acid, 99.6 % sebacic acid were purchased
from Chemlaborreactiv (Ukraine).

Samples of complex lithium lubricants were evaluated according to the following indicators
penetration (ISO 2137), dropping point (ASTM D 2265), colloidal stability (GOST 7142, method A),
viscosity (GOST 7163). The scanning electron microscopy (SEM) images were taken using brand
appliance CAMSCAN.

Hydroxylated fatty acids were synthesized by epoxidation of unsaturated fatty acids of waste
food oil followed by hydrolysis by acylglycerol grouping and oxirane rings. Fatty acid aminoamides of
waste food oils were synthesized by epoxidation of oils followed by the opening of oxirane cycle and
transamidation of acylglycerols with diethanolamine according to the method described in patent [15].
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Results and Discussion

A complex lithium lubricant is a highly structured colloidal-dispersed system in which the
internal dispersed phase, a thickener based on a lithium complex (complex lithium soap), binds the
dispersion medium (mineral or synthetic oils) into a single system. Complex lithium soap (cLi-soaps) is
a product of cocrystallization of cLi-soap of high molecular weight fatty acids and Li-salts of low
molecular weight organic and inorganic acids [1]. Indeed, having a polar hydrophilic component and a
developed nonpolar lipophilic part, the thickener is actively concentrated at the interface of two mutually
insoluble phases, reducing the surface or interfacial tension.

Chemical modification of waste food oils was carried out to obtain an emulsifier-stabilizer as a
thickener for lubricants — saponified hydroxylated fatty acids (WFO.on) a solution of lithium hydroxide.
The WFO hydroxy acids were synthesized by epoxidation of unsaturated fatty acids (oleic, linoleic,
linolenic, erucic) or their mixture, which is part of used food oils, followed by hydrolysis by
acylglycerol groups and oxirane rings [15].

Using WFO.oH, samples of complex lithium lubricants (cLi-lubricants) based on a base oil of
group IV according to the APl (American Petroleum Institute) classification with a viscosity of
9.5 mm?/s at 100 °C were made. The complex lithium lubricant is manufactured according to the
conventional technology containing lithium fatty acid soaps [1, 15] and includes the following steps
synthesis of hydroxylated fatty acids of WFO; production of lithium soaps of hydroxylated fatty acids
(saponification of hydroxylated fatty acids with lithium hydroxide solution) in the base oil environment;
introduction of a complexing agent (adipic acid (H2Ad) or sebacic acid (H2Se); dehydration of the
resulting oil-soap mixture; thermomechanical treatment of the mixture and its cooling; homogenization
of the lubricant.

By the above technology, using the appropriate raw materials, a sample of simple lithium
lubricant without a complexing agent (sample 1) and samples (2, 3, 4, 5) of complex lithium lubricant
with the following content, % wt.: lithium soaps of hydroxy acids of oils — 15.0, synthetic oil — the rest,
heat treatment temperature 220 °C (sample 1); complex lithium soap of hydroxy acids of oils
(complexing agent H2Se) — 20.0, synthetic oil — the rest, heat treatment temperature 220 °C (sample 2);
complex lithium soap of hydroxy acids of oils (complexing agent H2Ad) — 20.0, synthetic oil — the rest,
heat treatment temperature 220 °C (sample 3); complex lithium soap of hydroxy acids of oils
(complexing agent H2Se) — 20.0, synthetic oil — the rest, heat treatment temperature 240 °C (sample 4);
complex lithium soap of hydroxy acids of oils (complexing agent H.Se) — 22.0, synthetic oil — the rest,
heat treatment temperature 220 °C (sample 5).

Table 1 presents the results of the rheological and bulk-mechanical properties of lithium lubricant
samples. The obtained cLi-lubricants samples are characterized, first of all, by high thermal stability,
which confirms the value of the dropping point. The dropping point is the temperature at which a
thixotropic system passes from a plastic solid to a liquid state. A lubricant is high-temperature if at least
one of the following requirements is met: its dropping point is higher than 250 °C, and the temperature
limit of application is higher than 150 °C [19]. The obtained samples of cLi-lubricants (2, 4, 5) are
characterized by a higher dropping point than sample 1 of a simple lithium lubricant. Table 1 presents
the results of studies on the mechanical stability of lubricants.

Mechanical stability — the ability of a lubricant to resist mechanical stress and restore lost
volumetric and mechanical properties — is one of the most important parameters for assessing the
operational properties of lubricants [1]. Lubricant, which quickly breaks down and is poorly restored
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after stress relief, leaks from bearings, axle boxes, etc., causing dry friction and overheating. Mechanical
stability is largely determined by the properties and concentration of the thickener, as well as the
stability of its structural framework, which is manifested in the magnitude of the bonding forces between
its individual components.

Table 1. Properties of samples of lithium lubricants

Properties of samples of complex lithium lubricants
H o . —4
Samples of Penetration at 25 °C, m I\lﬂo | Colloidal | Effective
Sample | complex Dropping | After 60 | After 10,000 ec Ianlc stability, viscosity
No. lithium : double doubles al % of at-30 °C
. point, °C tabilit i
lubricants ’ strokes strokes Sc?\alnlg)e/’ extracted | and strain-rates
oil 10 s, Pa:
(Pl) (PZ) (AP) as
1 Sample 1 204 240 260 20 13.4 1138
2 Sample 2 >250 256 274 18 14.2 800
3 Sample 3 213 212 236 24 16.6 -
4 Sample 4 250 268 289 21 16.2 890
5 Sample 5 >250 242 258 16 12.6 989

He criterion for mechanical stability is the change in the penetration index of the lubricant after
prolonged mechanical destruction (P2-P1 = AP). According to ISO 2137, the lubricants were subjected to
destruction in a standard penetrometer mixer. P1 was determined after 60, and P> after 10.000 double
strokes.

The change in the state of the lubricant (AP) characterizes the stability of its structural
framework: for AP < 30 — mechanical stability is excellent, for AP = 30+60 — good, for AP = 61+100 —
satisfactory, for AP > 100 — unsatisfactory [20]. The data in Table 1 indicate that cLi-lubricants have
high mechanical stability (AP does not exceed 24 units).

Viscosity is the most important operational characteristic that determines the conditions for
filling the lubricant into the friction units at low temperatures and affects the starting torque of the
bearings. For lithium lubricant samples, the viscosity at a temperature of minus 30 °C and an average
strain rate gradient of 10 s-1 is Li-lubricant (sample 1) 1138 Pa-s, cLi-lubricants (samples 2, 4-5) is
within 800-989 Pa-s (Table 1). The results show that cLi-lubricants have a lower viscosity compared to
simple lithium lubricant.

Figs. 1-4 shows the morphological characteristics of Li-lubricant and cLi-lubricants samples with
different component compositions. The formation of the structural framework of lubricants occurs due to
the formation of hydrogen bonds between the molecules of the thickener and the dispersion medium
[21]. In the process of emulsification, in the manufacture of lubricant compositions, the thickener
molecules form reverse micelles in the form of fibers [1]. The fibers, colloidally suspended in the base
oil, collide and entangle together, forming a connected three-dimensional mesh microstructure that holds
the dispersion medium, as confirmed by SEM images. This microstructure affects the rheological and
bulk-mechanical properties of the lubricants.

The results of scanning electron microscopy confirmed differences in the features of the
formation of the structural framework of the lubricant thickener depending on its composition,
concentration, complexing agents, and the temperature of the lubricant heat treatment. The dispersed
phase of lubricants based on lithium soaps of hydroxylated fatty acids and based on complex lithium
soaps of hydroxylated fatty acids has significant differences between sample 1 (Fig. 1 a), and sample 2

Catalysis and Petrochemistry, 2025, 36



126 Kamaniz ma nagpmoximisn, 2025, Noe36

(Fig. 1 b). Complex lithium soap is more structured than simple lithium soap, although both are formed
by entangled fibers. With the same soap concentration in the lubricant, the number of fibers in complex
lithium soap is many times greater. This explains the better rheological and operational properties of
complex lithium lubricants (Table 1).

7mkm TMkm

a b
Fig. 1. Microstructure of lithium lubricants: a) simple lithium lubricant; b) complex lithium lubricant

Adipic acid and sebacic acid were used as complexing agents in the preparation of complex
lithium soap. Accordingly, the cLi-lubricant samples: sebacic acid - H2Se (sample 2, 4, 5), adipic acid -
H2Ad (sample 3). One of the main indicators confirming the presence of a lithium complex in the
lubricant is the high dropping point, over 250 °C, compared to simple lithium lubricants (sample 1),
in which the dropping point is over 180 °C [1]. Therefore, according to the data in Table 1, it can be
concluded that when the complexing agent H>Se (sample 2, 4, 5) is introduced into the thickener
composition, a complex molecular complex is formed between the salts obtained during
saponification. However, when the complexing agent H.Ad (sample 3) is introduced into the
thickener composition, a mixture of dilithium and lithium soaps is formed instead of a complex
lithium soap. This confirms the conclusions of the authors of the works [1, 15] that complex lithium
soap is formed when a dicarboxylic acid with a chain length of at least 9 carbon atoms is introduced
into the thickener, and in adipic acid, the chain length consists of 8 carbon atoms.

The maximum thickening effect of the dispersed phase of the lubricant upon introduction of
H>Se is explained by the structural features of the formed complex lithium soap. Indeed, in Fig. 1 b
we observe that sample 2 of complex lithium lubricant with H>Se complexing agent has a more
structured intertwined three-dimensional mesh microstructure, which provides better binding of the
dispersion medium and better colloidal stability, lower rheological properties (Table 1).

As can be seen from the SEM images (Fig. 2 a, b), changing the heat treatment temperature of
the lubricant leads to the formation of different types of microstructure. At high temperatures of heat
treatment of cLi-lubricant (240 °C), an amorphous dispersed phase is formed (sample 4), capable of
retaining the dispersion medium in its cavities (Fig. 2a). This is confirmed by the high values of
viscosity and colloidal stability indicators. At a heat treatment temperature of cLi-lubricant 220 °C
(sample 2), a strong, bonded three-dimensional mesh microstructure of the thickener is formed, the
thickening ability of the dispersed phase, the dropping temperature, penetration, colloidal stability, and
rheological properties are improved (Table 1).

To determine the effect of thickener concentration on rheological characteristics, we prepared
sample 2 cLi-lubricant with a cLi-soap concentration of 20 % and sample 5 cLi-lubricant with a
cLi-soap concentration of 22 %. It was found that the viscosity of lubricants increased with increasing
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thickener concentration (Table 1). SEM images (Fig. 3) demonstrate that with increasing thickener
concentration, there is a gradual development of soap fibers, the number and length of which increase,
achieving a structured fibrous microstructure [12]. Sample 5 of the lubricant with a thickener content of
22 % has better colloidal and mechanical stability. The change in the thickener concentration in the
lubricant (sample 5) did not affect the dropping point value, but the rheological properties deteriorated
with increasing thickener concentration (Table 1).

3ukm 4mkm

a b
Fig. 2. Microstructure of complex lithium lubricants at different heat treatment temperatures: a) 240 °C;
0) 220 °C

4mkm 4mkm

a b
Fig. 3. Microstructure of complex lithium lubricants at different thickener concentrations, %: a) 20%; 6) 22%

Thus, the rheological and volumetric-mechanical properties of lubricants depend on the bound
three-dimensional mesh microstructure of the dispersed phase. This complex molecular complex
manifests in the magnitude of the bonding forces between its components. The formation of a stable
structural framework of lubricants depends on the optimal composition, concentration of thickener,
complexing agents, and heat treatment temperature. Otherwise, instead of complex lithium lubricants, a
simple mechanical mixture is formed.

It has been determined that the maximum thickening effect of the dispersed phase, lower values
of the effective viscosity at minus 30°C, an increase in the drop point, and a stable structural framework
of the complex lithium lubricant are provided by the introduction of a complexing agent such as sebacic
acid. The optimum concentration of the thickener is 20-22 %, but increasing the concentration led to an
increase in the effective viscosity of the lubricants, while the indicators of mechanical stability and drop
point remained almost unchanged. The optimum heat treatment temperature for complex lithium
lubricant is 220 °C. If the heat treatment temperature of the lubricant was violated, the microstructure of
the complex lithium soap was destroyed, which led to a deterioration in viscosity and colloidal stability.
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It was found that complex lithium soap is more structured than simple lithium soap, although
both are formed by a connected three-dimensional lattice microstructure.

Conclusion

The use of lithium soaps of hydroxylated fatty acids from of waste food oil and the introduction
of a complexing agent made it possible to obtain a complex molecular complex, a complex lithium soap
- a bound three-dimensional mesh structure with tangled soap fibers that retains the base oil in the
lubricant and gives the lubricant appropriate performance characteristics.

The established rheological, volume-mechanical, and temperature regularities of the structure
formation of the dispersed phase of lubricants can be used to select rational modes of obtaining complex
lithium lubricant compositions intended for use in friction units of modern machines and mechanisms.
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MiKpOCTPYKTYypPa KOMILUIEKCHHX JITI€BUX MACTHJI

Jlapuca 1O. Bogauiscbkal, Ipuna O. Benrep?!, Aprem 1O. Bep6a®

 Inemumym 6ioopeaniunoi ximii ma nagpmoximii im.B.I1. Kyxaps Hayionanwnoi akademii nayx Ypainu
eyn. Akademixa Kyxaps, 1, Kuis, 02094, Vkpaina, e-mail: bodach@ukr.net

2TOB «HBO «Inosayiiini mexnono2ii i cucmemuy

eyn. XKmepuncoka, 1, Kuis, 03148, Vkpaina, e-mail: info@itis.com.ua

B nmaniit poboti mpencTaBieHO pe3yNabTaTH JOCHIHKEHb MIKPOCTPYKTYpPH Ta BJIACTUBOCTEH 3pa3KiB
MacTHJI Ha OCHOBI CHHTE30BAaHMX KOMIUIEKCHMX JITIEBUX MW TiJPOKCHIBOBAHMX JKUPHUX KHCIOT
BiJNpaliboBaHOi Xap4yoBOi ONii, SK 3aryCHUKa MacTHj. Pe3yiabTaTH CKaHYIYOl EJEKTPOHHOI MiKpOCKOIIil
MiATBEPIUIIA BiIAMIHHOCTI B 0COONMBOCTAX (POPMYBaHHS CTPYKTYPHOTO KapKacy MAacTHII 3aJIe)KHO BiJl IXHBOTO
CKJIaJly, KOHIIEHTpaIlii 3aryCHUKa, KOMIUIEKCOYTBOPIOIOUMX areHTiB Ta TeMIlepaTypu TepMooOpoOku. BuzHaueHo,
0 caMeé 3aryCHMK MacTuiia 3B’s3y€ JUCIepCiiHe CepelioBUIIE 3a PaXxyHOK MIKMOJEKYJSIPHOI B3a€EMOIi,
YTBOPIOIOE TPUMIPHY TMEPEIJIETeHy MIKPOCTPYKTYPY 1 Hala€ MacTHIIy MOKpAIeHi peosioTidyHi Ta 00’ €MHO-
MeXaHiuHi BiacTuBOCTi. KoMIUIekCHe miTieBe MHJIO OULTBII CTPYKTYpOBaHE, HIXK IPOCTE JITIEBE, X04a OOMIBA
YTBOPEHi 3B’S3aHOI0 TPUMIPHOIO CITYACTOI MIKpOCTPYKTyporo. [loka3zaHo, 110 peoJiorivHi Ta eKcIuTyaTtaliiiHi
BJIACTUBOCTI MacTHJIa MOXHA MOJIMIIUTH 32 JAONOMOIOI0 Pi3HUX KOMIUIEKCOYTBOPIOBauiB. 3pa3ku MacTWJI Ha
OCHOBI JIITIEBOTO KOMIUIEKCY XapaKTepPHU3YIOThCS MaKCHMAIbHUM 3aryllyBajJbHUM €(EKTOM i MaloTh HIDKYI
3Ha4YeHHs epeKTHBHOI B’s3K0cTi 32 MiHyc 30 °C. 31 30iblICHHIM KOHIIEHTpAIlii 3arycHUKa e(eKTHBHA B’S3KiCTh
KOMIUICKCHUX JITIEBUX MacTWJI 30UIbIIyBaJIach, ajie IOKAa3HUKWM MEXaHIYHOI cTalijbHICTI Ta TeMmeparypu
KparulenaiHAs 3aJIMIIAINCh, Maike 0e3 3MiH. BUsBIIEHO, 110 ONTHMAalbHA TEMIIEpaTypa TEpPMidHOI 0OpOOKHU
KOMIUIEKCHOTO JIiTieBoro Mactuna craHoButh 220 °C. [lpu mopyuieHHI TeMIiepatypu TepMidHOI 0OpOOKH
Mactwia, Hanpuknaa 3a 240 °C, BijOynock pyHHYBaHHS MIKPOCTPYKTYPH KOMIUIEKCHOTO JITIEBOTO MUIA, IO
MIPHU3BEJIO JIO MOTIPIICHHS TOKAa3HUKIB B’SI3KOCTI Ta KOJIOiMHOI cTabinbHOCTI. BeTaHoBeHi peonoriuni, 06’ €MHO-
MeXaHI4Hi Ta TeMIepaTypHi 3aKOHOMIPHOCTI CTPYKTYpPOYTBOPEHHsI IMCIEpCcHOi (a3 MacTHiI MOXYTh OyTH
BUKOPHUCTaHI JJisi BUOOPY palliOHATBHUX PEKUMIB OJIEPIKaHHS KOMIUIEKCHHX JIITIEBHX MACTHIIBHUX KOMITO3HIIIH
MPU3HAYEHUX JIJISl BAKOPUCTAHHS Y BY3JIaX TePTs CyYacHUX MaIllMH 1 MEXaHi3MiB.

Knrouosi cnosa. 3aryCHUK MacTHI, MIKPOCTPYKTYpa, PEOJIOTisA, MeXaHiuHa CTaOUIbHICTh, KOMIUICKCHI
JITIEBI MacThIIA
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Mo 75-piuus wiena-kopecnonaenta HAH Ykpainn
Cepris Ouexcanaposuua CosioBiioBa

r -

11 xBitHs 2025 poKy BHIIOBHWIJIOCSA /5 POKIB JIOKTOpPY XIMIYHHX HayK, Mmpodecopy, HIeHY
kopecnionzienty HAH VYkpainu, 3aBimyBady BiAIiIOM KaTaJiTUYHUX OKHCHO-BITHOBHHUX IIPOLECIB
Iactutyty ¢iznunoi ximii im. JI.B. [IucapxkeBcekoro HAH VYkpainm, uneny penxosnerii «Karami3 Tta
Hagroximis» Cepriro OsiekcanapoBuay CoJi0BiioBY.

C.O.ConoBiioB 'y 1973 poui  3akiHYMB  XiMIKO-TEXHOJOTiuHUI (akynsTeT KuiBCchKOro
noJiiTeXHiyHOro iHCTUTYTY. 3 1976 p. mpamtoe B InctutyTi Qizmunoi ximii im. JI.B. [TucapkeBcbkoro
HAH Vxkpainu, npoHinoBmIM HUIAX B 1HXEHepa, aclipaHTa 0 3aBiJyBaya BIJAUTY KaTaJITUYHHUX
OKHUCHO-BiTHOBHUX TporieciB. Ympomorxk 2011-2020 pp. o6iiimMaB mocaay 3acTyIHHUKA IUPEKTOpa 3
HayKOBOi pOOOTH.

[Tpodecop ConoBiioB 3poOMB BaromMuii BHECOK Yy PO3BUTOK HAYKOBUX 3acajl €KOJIOTIYHO
0e3MeyHux XIMIYHUX TEXHOJIOTIH, PO3BMHYB TEOPETHYHI 3acajJyd HOBOI'O HAyKOBOTO HAMpsMKYy -
€KOJIOTIYHOT'0 KaTalli3y, CTBOPEHHS KaTajli3aTOPiB HOBOTO MOKOJIIHHS, 30KpeMa Ha HOCIAX CTUIBHUKOBOI
CTPYKTYpH, Ta TIeT€POr€HHO-KATATITUYHUX IPOLECIB 3HEIIKOKEHHS TOKCHYHUX Ta30BUX BHUKHJIIB
IIPOMHCIIOBOCTI Ta aBTOTPAHCIIOPTY, 1110 MicTATh CO, ByrieBOAHI if OKCUT'€HATH PI3HUX KJIACiB, O30H.

[Tpioputerom nocnimxens C.O. ConoBiioBa B OCTaHHI POKHM € CTPYKTYpHO-(DYHKIIOHAIbHUHN
JM3aiH HOBHX KaTaji3aToOpPiB Ul OJlep>KaHHs BOJAHEBOTO MaIMBa/CUHTE3-Ta3y LUIIXOM OKHCHIOBAJIBHOTO
pUGOPMIHTY TPUPOAHOrO Tazy (TpU-PUDOPMIHTY), KOMILJIEKCHOI IepepoOKku Oioraszy, KOHBepCii
6ioeTaHoiy 3 oTpUMaHHAM 1,3-OyTajieHy, IIHHUX oJIe()iHIB Ta OKCUT'€HATIB 3 MOIBOEHHSAM BYTJIELIEBOTO
JIAHIIOTA.

C.0O. ConogiioB — aBTop moHaj 230 HayKOBHX Ipallb, OMyOIIKOBAHUX Y MPOBITHUX BITUYM3HIHUX
1 3apyOikHUX (DaxOBHX BUAAHHAX, Ta 25 maTeHTiB. BiH miAroTyBaB 8 kaHIuAaTiB XiMIYHUX HaYK. Horo
HAYKOBI 3700yTKM BiJ3Ha4deHO Jlep>kaBHOIO MpeMi€l0 YKpaiHU B Taly3i HayKd 1 TEXHIKH, MPEMIEI0
im. JI.B. ITucapxxeBcbkoro HAH VYkpainu, Bigznakamu HAH Ykpainu «3a HayKoBi TOCATHEHHA», «3a
npodeciiini 3M100yTKM» Ta «3a MATOTOBKY HAYKOBOI 3MIHMY.

Penxoneris «Karaniz ta HadroXiMis» Ta Kojern mupo BiTatoThb Ceprig OnekcanapoBuya 3
IOBIJICEM 1 3UYaTh IOMY 3/10pOB’s, TBOPYOi HACHAT'H, CHJIU Ta €HEprii Uil HOBUX JTOCATHEHb.
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IHam’saTi npogecopa IOpis Iroposuua IIaTHnbKOrO

29 tpaBHs 2025 poky BIMIMIIOB y BIYHICTH BIJIOMUM BYCHUU B
rajry3i XiMivHOT KIHETHKH 1 KaTaui3y, jaypeat Jlep:kaBHoi mpemii YKpaiHu
B Talmy3l Hayku 1 TexHikd, mnpemii im. JI.B. ITucapkeBcpkoro Tta
im. O.1. Bponcekoro HarionanpHoi akagemii Hayk YKpaiHu, KaBajep
Opaena «3a 3acioyru» Il cTyneHs, roJloBHUI HayKOBHM CIIBPOOITHHUK
Iacturyty diznunoi ximii im. JI.B. ITucapxecbkoro HAH Vxkpainu,
JIOKTOP XIMIYHUX HayK, podecop FOpiit [ropoBuu [IaTHUIIBKAA.

HayxoBa nisnpHicTs FOpis IropoBuda Hepo3puBHO MOB’si3aHa 3
IHcTTyTOM i3M4HOI Ximii, 1e BiH mparmtoBaB 3 1960 poky 1 mpoHIoB
NUISIX BijJ 1HXKEHEpa, aclipaHTa JI0 3aBijyBada BTy T'€TEPOrCHHOTO

KaTali3y, TOJIOBHOTO HAyKOBOTO CIIBpOOITHUKA [HCTUTYTY.

ITpodecop IIaTHUIBKUI 3pO0OMB BaroMuii BHECOK y PO3BUTOK OIHOIO 3 BAXKJIUBUX HAIPSMIB
¢b13uuHOT XiMii — KIHETUKM Ta MEXaHI3My KaTalITUYHHUX peaklii; Horo poOOTH yBIHILIN 10 cKapOHUII
HAYKOBUX 37100yTKiB [HCTUTYTYy, OTpHMay BU3HAHHS HAyKOBOI CIIJILHOTH B YKpaiHi Ta 3a il MexaMu.
Bin 3amouarkyBaB muki1 (yHIaMEHTAIBHHUX JOCHIKCHb KIHSTHUYHUX 3aKOHOMIPHOCTEH, MEXaHI3MIB Ta
CTBOPEHHS Ha iX OCHOBI €(EKTHBHHX KaTali3aToOpiB MPOLECIB OKUCHEHHS apOMAaTUYHHUX BYTJICBOIHIB,
30KpeMa IO JIe)KaTh B OCHOBI 0araTOTOHHa)KHUX BHUPOOHUIITB HAIIBIIPOIYKTIB OPraHIYHOTO CHHTE3Y.
IOpiii IropoBud CyTTEBO pO3BHHYB TEOPETHYHI Ta €KCIIEPUMEHTAIbHI OCHOBU METOAY KOHKYPYIOUHX
reTeporeHHO-KaTaJITUYHUX PEaKI(ifi, MPOLECiB 3 HEIIHINHOIO KIHETUKOI0 Ta KPUTUYHUMU SIBUIIAMU —
MHOXHHHICTIO CTaI[lOHAPHUX CTaHIB, aBTOKOJIMBAHHSIMH, HECTAIlIOHAPHOTO TMEpediry TreTeporeHHo-
TOMOTE€HHUX peaKIliil. 3HauyII1M € Oro BHECOK Y PO3BUTOK (DyH/IaMEHTAIbHUX aCIEKTIB Ta pO3pOo0JIEHHS
KIHETUYHUX Mozenel cunTe3y dDimepa-Tpormnina, IpsSMOro nepeTBOPEeHHsI METaHy y BUIIL BYTJIEBOJIHI Ta
OKCUTEHATH, OJepXaHHs LIHHUX XIMIYHUX MPOJYKTIB 3 010€TaHOJy; 3alpONOHOBAHO OPHUTIHAJIbHI
MIIXOAW JO TMIJABHUINEHHS CEJIeKTUBHOCTI TaKWX KaTaliTUYHUX TmporeciB. HaykoBuii mopoOok
IO.I. TIstHuubkoro craHoButh MnoHaa 300 HaykoBUX MyOmiKamiii y NpPOBIAHUX BITYM3HAHUX Ta
3apyOiKHUX (paxoBUX BUIAHHSIX, B TOMY uncil 6 MoHorpadiii, 14 aBTOPCHKUX CBIOLTB 1 HaTEHTIB.

[TninHy HaykoBy AaisuibHICTH HOpiit IropoBuY moeaHyBaB 3 HAayKOBO-OpraHizaliiHOK poOOTOIO
3aBijyBada BIJUIUTY, B CKJIaJl HayKOBUX Ta OPTKOMITETIB LIJIOTO PSAY BITYM3HSHUX Ta MIKXHAPOJHHUX
KOH(DepeHIii, mpu peasnizaiii HU3KM MIKHAPOIHUX MPOEKTIB. [IpoTarom 6aratboX pokiB BiH OyB UI€HOM
BUEHOI paju Ta CIeliani3oBaHOi BUEHOI paau [HCTUTYTYy, mpaltoBaB B CKJIajAl PEAKOJIErii >KypHaiiB
«Teopernuna Ta excrepuMmeHTaidbHa Ximis» 1 «Karami3z ta Hadroximis». Benuky yBary npumiiss
30epeKeHHI0 Ta MPUMHOKEHHIO Kpal[uX Tpaaulliil yKpaiHChKOI IIIKOJIM KaTasli3y, MiArOTOBII Ta aTecTai
BHCOKOKBaJTi(hikOBAHNX HAyKOBHMX KajpiB. Moro ornsaoBi HaykoBi mpari Ta HaBYaibHI MOCIOGHMKH 3
KIHETUKH KaTaJITUYHUX peakuii Oy yTh 3aBKIU aKTyaslbH1 y (axoBii MATOTOBLI CTY/I€HTIB, aCipaHTIB
Ta MOJIOJAUX IOCIIHHUKIB.

Csitna nam’sate npo FOpis IropoBuua [IsSTHULIBKOTO, TaJaHOBUTOTO BYEHOTO, JIIOJIUHY TITHOOKOT
IHTEITeHTHOCTI, CBITIIY, HIUPY 1 JTOOPO3UUIMBY y B3a€EMHMHAX 3 KOJETaMH, HA3aBKIU 3IUIIATHCS B
HaIIMX CepIsiX, XTO MPAIfOBaB 3 HUM, HaBYaBCs Y HOTO Ta HAJIUXaBCs HOro MPHUKJIAJA0M NaTpiOTUYHOTO

CITy>KIHHSI Hayll.
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ITam’sTi npogecopa Mapara AponoBuua I'Jtikina
(00 90 — piuus 3 OHs HAPOOIHCeHsl)

Mapar AponoBud I'mikin (1935-2021) — BimoMuii yKpaiHCbKUI BYSHHH y Tayly3i reTepOreHHOTO
Katajizy Ta BHOYX0O€3MeYHOCTI XIMIYHUX MIiANPUEMCTB, JOKTOpP TEXHIYHUX Hayk, Mpodecop,
3aCiTy’KeHUH ig4 HayKH 1 TEXHIKU YKpainu, wieH HalioHanbHOT €KOJIOri4HOT akaieMii HayK.

MaiiGyTHilt  BumaTHuM BueHMd  HapoauBcs 21 ciuns 1935 poky B
HeBeNMKOMY MicTeuky Yeuepcbk ['oMenbcbkoi o0iacTi B MpOCTiM poauHi
KOJIMIIHBOTO BIHCHKOBOrO, sIkMi mnpoimoB [lepury cBiToBy BiiiHy Ta
noMorocnonapku. Bin OyB Haiimonmonmmm y cim’i. J[Ba crapmmx Opatu
3aruHynu y Jpyriit cBiToBii BiifHi. CiM’sl mepexuBana ayxe CKpyTHI 4acH,
JIBI41 JIOBEJIOCh MEPEIkKKATH TOMY, 110 OyAuHKH 3ropiiu. CriouaTky e OyB
piaHa Xara, MOTIM JIOMIBKa, /i€ BOHHM OCETIJINCH TiCis Tmepeizay y

CeepanoBcbky o6macte. CiM’s  BuMmynieHa Oylia TOBEPHYTHUCH IO
['omenbIIMHY, /1€ BiH 3aKiHUYUB CEPEIHIO MIKOTY.

Bumry ocity Mapatr ApoHoBHY OTpuUMaB y JIEHIHTpaJIChKOMY TE€XHOJIOTIYHOMY 1HCTUTYTI, SIKUH
3akiHuUB B 1958 pori 3 BiA3HAKOIO 31 CHEMIaTbHOCTI TEXHOJIOTIA CHHTETUYHUX KaydyKiB. Tak mouaBcs
JOoro HayKOBUH Ta TBOPUMH IUISAX Y XIMIYHIM TPOMHCIOBOCTI.

BinnosinHo n0 posnoainy, BiH npuixaB a0 CeBepomoHenbKy (Ha Toil yac JlicximcTpoii), ne i
MoYaB CBOIO HAYKOBY Kap’e€py 3 MOJIOJIIOTO0 HAyKOBOTO CHiBpoOiTHHMKA y JlucudaHchkidd ¢imii
Jlep>kaBHOTO HAyKOBO-JOCIITHOTO 1HCTUTYTY a30THOi TNPOMHUCIOBOCTI 1 TPOJYKTIB OPTraHi4HOTO
cuHresy. Lleit [HCTUTYT OBOIII YacTo 3MiHIOBaB Ha3By 110 A0Ope Bigomoro CeBepomonenskoro JJHJIITI
«XimTexHomoris». TaMm BiH MPONUIIOB HUISAX BiJl MOJIOJALIONO HAYKOBOT'O CHIBPOOITHHKA J0 3aCTyIMHHKA
AMpeKTopa 3 HaykoBoi pobotu (1988-2002).

Catalysis and Petrochemistry, 2025, 36



Kamaniz ma nagpmoximisn, 2025, Ne36 133

3 1966 mo 1969 GaTbk0 TakKOXX OYOJIOBAB JIAOOPATOPIIO 3 JOCIIHKEHHS BHOYX00€3MEeYHOCTI
XIMIKO-TEXHOJIOTIYHUX MEePEeTBOPEHb B Bcecoro3HOMY HayKOBO-IOCTIAHOMY IHCTUTYTI TEXHIKH Oe3MeKu
B XiMiuHil npomuciioBocTi y CeBepoonenbky. Ha Toii yac BiH MiATOTyBaB Ta 3aXUCTUB KaHIUJIATCbKY
JTUCEPTAIlII0 32 TEMATHUKOI BHOYX0O0E3MEeYHOCTI XIMIYHMX BUPOOHUIITB. Sk BMIIUH opraHizaTop, BiH
CTaB 3aCHOBHHUKOM Iepuioro B €Bpori MOJIroHy, ¢ OyJia MOXJIMBICTb MPOBOAUTH AOCTIIKEHHS 3
BUOyX0- U MOXek00e3MeuyHoCcTi mepediry XiMIYHHUX TMepeTBopeHb. HaykoBi AochimKeHHS 3a
TUcepTarliero Oyjo MpPOBEACHI Ha JTaHOMY IOJITOHI. XiMiKaM-TeXHOJIoraM Jo0pe Bimoma MoHorpadis
«'muxkua M.A. D deKkTHBHOCTD U B3phIBOOE30MACHOCTD MPOIIECCOB XUMUYECKON TeXHOI0TuU. — Kues,
2000», sixy OyJ0 BUJIaHO HaKJIaA0M ycboro 250 mpum., TOMy BOHA cTajia piIKiCTIO.

OTpuMaBIIM BETUKUN JTOCBIA 3 HAyKOBOi pOOOTH Ta BMIHHS MPAKTUYHOI'O MUCIEHHS 0aTbhKO
BHUPIIIUB TOJUIMTHCS CBOIMH 3HAHHSAMH 3 MOJIOJUM IOKOJIHHSAM. BiH mnpuiimmoB mpaimioBata y
PyOixancbky  ¢imiro  XapKiBCBKOIO — MHOJITEXHIYHOro  1HCTUTYTY (moTiM  CeBepoJoHEIbKUI
TEXHOJIOTTYHUI 1HCTUTYT, a HUH1 CX1IHOYKpaiHCbKMI HallloHaIbHUH yHiBepcuTeT iM. B. [lans). Hlnsax y
OCBITHBOMY MPOCTOPI TMOYABCS 3 aCHCTEHTa Kadeapu TexHouoril opraniunoro cunuresy (1969-1988) ta
niimoB 1o npodecopa kaeapu (2002-2021). 3a ueit nepiox MapaT ApOHOBUY HiIrOTYBaB Ta 3aXUCTHB
JOKTOPCHKY JIMCEPTALIiO 110 TeTePOreHHO-KaTATITUYHUM MPOIIECaM.

[Ipodecop ['MikiH MPOBOIUB AOCTIIKEHHS Y PI3HUX HAyKOBUX HampsMax. A came:

® JOCHI/DKEHHS TPOIECIiB TOPIHHA B TEXHOJIOTIYHOMY OOJaJHAHHI 3 METOI 3a0e3MeYeHHS
BHOYX00€3MeYHOCTI MPOIIECy;

® MOHITOPHHT XIMIKO-TEXHOJIOTIYHMX TPOMHCIOBUX OO ’€KTIB KpaiHW Ta CBITY IIOJO
BJIOCKOHAJICHHS 00JIaJTHAHHS Ta CTBOPEHHS HOBHX IIPOMUCIOBUX 00’ €KTIB;

® pO3poOKa HOBUX MPOIIECIB JIsl XIMIYHOT TEXHOJIOTIT Ta MPOMUCIIOBIH €KOJIOTi.

I'pyHTOBHI pe3ynbTaTH UX AOCTIHKEHB 3po0uiau Mapata ApoHOBHYA BIIOMHUM CIEIIATICTOM 3
KaTaJIITHYHUX TPOIIECIB Ta Mepediry BUOyxo0e3neyHnX XIMIYHUX MePETBOPEHb. BiH CTaB 3aCHOBHUKOM
JIBOX HOBHX TEXHOJIOTIN: a€pPO30JbHOT0 HAHOKATAJI3y Ta MPOBEICHHS BUCOKOCHIOTEPMIYHUX IMPOIIECIB
3 3aCTOCYBAHHSM DPiJIKHX BHCOKO- il HU3BKOTEMIIEPATYPHUX TEIUIOHOCITB.

OcHOBHI HaykoBI pe3yibTaTH Tpodecopa [MikiHa BITHOCITBCS 1O TETEPOTCHHOTO KaTawizy.
[Towatok poGoTm # AOCHIIHKEHHS 3 TETEPOTEHHOIO KaTamidy BiIOyIWCS TMTICHs HaJAaHHS HUAM
koHcynbTali akagemiky K. bopeckoBy ta npodecopy E.A. JleBuiibkomMy 110710 TETUIOBHX MPOIIECIB Y
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KaTaJIITHYHOMY TeHepaTopi Teria. OCHOBHUM NMUTaHHAM 0yJ10 3a0e3medeHHsT BHOYyX00€3MeYHOCTI TaKuX
reHeparopiB. B pe3ynbTaTi 11i€i CyMICHOI Tmpalli BAAJIOCh CTBOPUTH JOCIHIJHY YCTaHOBKY Ha
MPOMUCIIOBOMY TiAnpueMcTBi. JlaHa yCTaHOBKAa MICTHJa PEAKTOp 3 TMICEBJO3PIIHKCHUM IIapoOM
KatayizaTopa. 3a pe3yjbTaTaMu IUX JOCHKEeHb mnpodecop [MikiH 3anpornoHyBaB OUTbII e(pEKTUBHY
HOBY KaTaJiTUYHY TEXHOJIOT1t0. B CBITI 111 TEXHOJIOTIA cTaja BijoMa SIK aepO30JIbHUI KaTais.

[Tepmri excriepumenTu Oyio mpoBeneHo B 1984 pori, a meprma myOmikarisi mpo aepo30JbHUM
katamiz B 1998 pomi. 3a meil wac mig KepiBHUIITBOM Mapara ApoHOBHYA OYyJIO CTBOPEHO BiAJLI
aepO30JILHOTO KaTadi3y fK MiIPO3ALT B HAyKOBO-AOCTIAHIA 4yacThHI «XimTexHojoriiy. [IpoBomumu
MOCTIHHI JAOCTIHPKEHHS MPOIECIB y Taly3i MPOMHUCIOBOI €KOJIOoTii B yMOBaX TEXHOJOTII aepO30JbHOTO
karamizy. [Ipu nerampHOMY JOCHIKEHHI BIACTHBOCTEH HOBOI TeXHOJOTl MapaT ApOHOBHY TOIPOCHB
nornoMord y crneriaiicTtiB [nctutyTiB 3 Higepnanais Ta Himeyunnn. BoHu 3a 701moMororw BiAMOBIIHUX
METOJIIB 3MOTIJIM JIOKa3aTH, [0 B TEXHOJIOTIT aepO30JIbHOTO KaTaji3a MPUCYTHI YaCTHHKH KaTali3aTropy
HAHOPO3MIpY. 3 TUX CaMUX YaciB HOBY TEXHOJIOT1IO CTall HA3UBATH a€pO30JbHUM HAHOKATAIII30M.

[Tig xepiBHHIITBOM Mapat ApoHoBHYa OYyJI0 CTBOPEHO ACKiIbKa JaboparopHux Ta 4 AOCHiAHI
YCTaHOBKH 3 PEAKTOPOM, SIKi MPAIFOBAIH 3 IICEBA03PILIKEHUM mapoM. Takoxk Oyia CTBOPEHa JOCIIIHO-
POMHCIIOBA ycTaHOBKa Ha nociigHomy 3aBoai JJHIIT «XimrexHomnoris» (Huai TOB «XimMTexHOIOT1sD»
Ha teputopii IIpAT «CeBepomonerpkuii A301»). PeakTop yCTaHOBKM TaKOX MpAIfOBAB y PEKUMI
nceBJ03pikeHoro mapy. Ha Takux ycraHoBkax Oyno mochipkeHo 10 50 iHAMBIIyallbHUX XIMIYHHX
PEYOBHUH, a TAKOXK 3HEMIKOMKeHO 70 30 BUAIB MPOMUCIOBUX BIIXOIB XiMiYHUX BUpOOHUNTB. Lle Oyna
nepiia JOCiiIHA YCTAaHOBKA 3 PEAaKTOPOM 3 ICEBJO3PIIKCHUM IIapoM JIJIs JTOCIIDKEHHS IPOIECIB
reTeporeHHO-KaTaJiTUYHUX MPOIECIB 32 TEXHOJIOTIEI0 aepo30JIbHOIO HaHOKaTadiza. Y MPOeKTyBaHHI
ycTaHOBKM MapaT ApOHOBUYY JONOMAarajy IMpamiBHUKH HOT0 HAyKOBOTO BTy, OCOOJIMBO
JI.C. Jlaxmanuyk, E.M. Kauffeldt (o 3amixoxst O.M. [nikina), J1.0. Kyrakosa.

VYemmHicTh IHUX JOCTIPKeHB 3allikaBuia O0araTto XIMIYHMX mianpueMcTtB. OIHO 3 TakKuUX

MIJIPUEMCTB MaJIO IPOMUCIIOBI METAJIOMICTKI BIIXOJU, SIK1 BasKKO OyJio yTwii3yBatu. Mapat ApoHOBUY
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opraHizyBaB poOOTY IO 3HEIIKOPKCHHIO ITUX BIIXO[IB. B pe3ynbTaTi Oyna cTBOpeHa Apyra JOCHTiIHO-
MPOMHKCIIOBA YCTAaHOBKA 3HEIIKO/KECHHS MPOMHCIOBUX BIIXOMIB 32 TEXHOJIOTIE€I0 aepO30JIbHOTO
HaHOKatanmizy. JlaHa ycraHoBka Oyna moOiunmbHOIO Ta cTBopeHa Ha TOB «lllexinoazor». Ha mii
YCTaHOBLI OyNlu TpPOBEACHI JOCIIHKEHHS MO0 3HEIIKO/DKEHHS IHIIMX MPOMHUCIOBUX BIIXO/IB,
0CO0TMBO BUOYXOHEOE3MEUHUX.

Mauni, 3a koHCybTaIi€er0 10 Tpodecopa [ikiHa 3BEpHYJIAcs MIBEJAChKA KOMIIaHIs, sIKa 3aiiMaiach
3HEIIKOKEHHSIM BIAXO/IB IO CyMICHOMY IIPOEKTY 3 SANOHCHKOI KoMIaHi€lo. B pesynbrari Oyna
CTBOpEHa JOCJiJHAa aepo30yibHa ycTaHoBKa Ha minmpueMctsi «Katator» (M. JIyna, HIBemis). Ha wmiit
YCTaHOBII1 OYyJIM YCIIIIHO 3HEIIKOIKEHH1 Xap4oBi 1 TOOYTOB1 BIIXOIH.

YA

B 2004 p. 3a koHcynbramiero 3BepHymuch cnemianmictn 3 3A0  «CasgHCHKXIMIUIACTY.
[TigmpuemcTBO 0a3zyeTbcss Ha BUPOOHMITBI BiHUIXIOpUAY. Ha BUPOOHWITBI YTBOpIOETHCS Oararto
XJIOPBMICHHX TPOMHUCIIOBHUX Bixo/iB. Tpeba Oyiio mepeTBOpUTH iX MEPEBaXHO O XJIOPHCTOTO BOJHIO,
KW TIOBEPTAETHCSI B PEUUKI. 3a YCHIOIHUMHU pe3yJbTaTaMH JIaOOpaTOPHUX JOCIHIPKEHB, OyJI0
CTBOPEHO YETBEPTY MUIOTHY ycTaHOBKY Ha 3A0 «CassHCHKXIMILIACTY.
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ITin xepiBHHUIITBOM Mapara ApoHOBHYa OyJia CTBOpPEHa IIE€ OJHA IEPCHEKTHBHA TEXHOJIOTIA
nepepoOKr MPOAYKTIB HadTO- Ta BYrUIBHOI MPOMHUCIOBOCTI. TakWii mpolec peam3yeTbes 3
BUKOPUCTAHHSIM  BHCOKOTEMIIEPATypHOTO TEIUIOHOCIA. Y  J1abopaTOpHUX yMOBaxX Yy  SKOCTI
BHCOKOTEMIIEPATYpPHOTO TEIUIOHOCIsA OyJ0 BHUKOpHCTaHO po3iuiaB 3Bu4aitnoi comi NaCl, omgnak y
MIPOMHUCJIOBUX YMOBaX MOHa BUKOPHCTOBYBAaTH PO3IUIABU IHIIMX BHCOKOTEMIIEPATYPHHUX MaTepiaiis,
HaBITh PO3IUIaBH MIJAKOBUX (pakiiiii HapTornmepepoOHUX BUPOOHHMIITB.

3a Bech CBiil HaykoBHWH 1 TBopuuid nuiax [mikiH M.A. onmy6iikoBaB Ounbmn HbK 700 HayKOBUX
MarepiaiiB, 3 skux Outbm 600 HayKOBUX cTaTel Ta Te3 KoHdepeHIlii, oTpumaB 61u3bko 30 MaTeHTiB Ta
24 aBTOPCHKHX CBIJIOITB.

[Tizx #ioro KepiIBHUIITBOM 3aXHUIICHO 15 KaHAMAATCHKUX Ta IOKTOPChKA TUCEPTAITil.

ITpodecop ['nmikin OyB 4IeHOM peIaKIiitHOT KOJIEeTii HayKOBHX KYpPHaJIiB Ta 301pHUKIB:

Karani3z Ta nadroximis (1994-2021); Ximiuna npomuciosicte Ykpainu (2000-2016); Bicuuk
CXigHOYKpaTHCHKOTO HalliOHAIbHOTO YHiBepcuTeTy iM. B. dass (2002-2021).

3a Bce kHUTTS MapaT ApPOHOBMY BCTUT OIMYyOJiKyBaTH CBOI OCHOBHI pe3yJibTaTH Y JIBOX
MOHOTpadisX:

M.A. FNMUAKUH M. A. FnuKuH
WU. M. FnukuHa
3OOEKTUBHOCTb
" B3PbIBOBE3OMACHOCTb
NMPOLIECCOB XMMWUYECKOW ]
ISl FETEPOTERHBIN| —
FA300A3HbIU 3
g d A3P030J1bHbIN
| HAHOKATAMNW3
! :
y . MmoHorrAGUA | o

Mapar ApoHOBHMY IIpaloBaB J0 OCTaHHIX CcBOiX JHIB 1 momep 17 BepecHs 2021 poky.
IToxoBanuit mpodecop ['nikiH Ha kiagoBuiie y c. BopoHOBEe Ha HYJIbLOBOMY CEKTOpi, A€ MOXOBaHi yci
BU3Ha4H1 1101 CeBEPOIOHEBKA.

[Ticns mouatky pociiicbkoi arpecii, MU 3 MaMo10, cobakoro Ta Kimkamu B 2022 poii BUMYyIIEH1
Oynu coimHO BUiXaTH a0 YepHiBLIB, 3aJMIIMBIIM B JBOX KBapTHpax 0i0mioTeky 1 apXiBH
Mapata ApoHoBuya. ToMy B 1iii cTaTTi Opakye OaraThbox mikaBuX GoTorpadii.

VY nmam’sTi KoJser Ta 3HaoMHUX MapaT ApOHOBHY 3aBXKAM 3aJUIIAETHCS T0OPOI0, €pyI0BAHOIO Ta
IIMPOIO JIFOJUHOIO, TAKOK BUCOKOKBaJi(hiKOBaHMM (axiBLEeM y o0sacTi BUOYX00e3MeyHOCTI MpoLEeCiB
XIMIYHUX BUPOOHUIITB Ta 00JIACTI FETEPOreHHOr0 KaTaii3a Ta HaHOKaTasi3a.

Ipuna M. I'nikina
0.m.H., npoghecop Kagedpu ximiunoi indcenepii ma exonoeii CxiOHOYKpaiHCbK020 HAYIOHAILHO20

VHigepcumemy im. B. [ana
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