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OxucioBajibHe JAeriIipyBaHHs NMPONAHY 32 YYACTIO M’IKHX OKMCHUKIB
(N20 Ta CO2) Ha MeTaJOKCHIHUX IEOJITHUX KaTajizaTopax

Bauepiii 1. Yenpuk, Terana M. boituyk, Muxaiino M. Kypmau, I1asio C. fIpemos,
Amngapiii 1O. Kanpan, Ceitiiana M. Opiuk

Tnemumym ¢hizuunoi ximii im. JI.B. Iucapacescoroeo Hayionanvhoi akademii Hayk Yxpainu
Ipocn. Hayku, 31, Kuis, 03028, Vkpaina, e-mail: orlyk@inphyschem-nas.kiev.ua

B poboti mpexactaBieHO pe3yiabTaTH JOCHIIPKEHHS TEKCTYpPHHX Ta KHCIOTHHX XapaKTePHCTHK
MeTan(okcu)-1ieomithux kommosunin M-BEA (MTW, MOR, ZSM-5) (M = Ga, Fe, Co, In) ta ix BmiuBy Ha
KaTaJliTHIHI BIACTUBOCTI B IIPOIlecaX OKMCHIOBAIBHOTO JIETIAPYBaHHA MpOMaHy J0 MponiieHy 3a ydactio CO; Ta
N2O/OJIT-CO2 (N20). ITpouec OAIT-N20O mociimkeHo Ha iHIiNH-, KOOATBT- Ta 3a1i30-OKCUAHUX KOMITO3MIIISX Ha
ocHoBi neonitiB (H-¢popm) crpykrypuux tumie BEA, MOR Tta ZSM-5. Kpami mnoka3HUKH HpPOXyKYyBaHHS
MpOIiIeHy HocarHyTo Ha 3pasky 10 %Fe;O3/H-ZSM-5 mpu temneparypi 400 °C: celleKTHBHICTH YTBOPEHHS Ta
BHXI1J MporijeHy ckiaanawTb Scins = 40 % 1a Yesne = 21 % npu konBepceii CsHg — 53 % 1 N2O — 85 %. B mporieci
OHIT-CO2 cepen 3paskiB ramiiiBmicHux weomitiB crpykrypu MTW, BEA, MOR (3a cniBBigHOIICHHS
Si/Ga = 15-24), sumi mokasauku ceiaekruBHocTi 70 % i Buxomxy mpormineny 26 % (mpu Xcsns = 37.5 %, 600 °C),
nocsarHyTo Ha Katamizatopi GasoMTW (Si/Ga =24), skuil XapaKTepuU3yeTbCs PO3BUHEHOI0 ME30IMOPUCTOIO
CTPYKTypOI0, Haitbinbmoro noepxHeto Sper (585 M%/T) i HaiiBuo0, 3rigHo Aanux [UC-DII-Py, koHIEHTpalicio
cnabKuX, CepeTHbOT CHITM Ta CHIIBHUX KUCIOTHUX 1IeHTpiB JIptoica.

Knrwouosi cnoea: okuCHIOBaJIbHE ACTIAPYBAHHS MPOIMAHy, METaJI(OKCH/IHI) IEOJIITHI KOMIO3HIIT,
H-ZSM-5, MTW, kiclIoTHICTh TOBEPXHI

Bemyn

AKTyalTbHUM HalpsSIMKOM JIOCIIIKEHb B Tally3i KaTaii3y € po3poOIeHHs €KOJOT1HHO-TIPUHHATHUX
reTepOreHHO-KaTaIITHYHUX MIPOIECIB O/I€p)KAaHHS LIHHUX OPTaHIYHUX CIIONYK.

CBiTOBE BUPOOHMLTBO NPOMIJIEHY — BUXIJHOI CUPOBHHU JUIsI CHHTE3Y IOJIMPOMNIEHY Ta Psay
HIIKX POMHUCIIOBO BaXJIMBUX OPraHIYHUX PEYOBHH (OKCHUIY MPOMiIEHY, aKPHJIOBOI KUCIOTH, CIIOCO0IB
OTpPUMaHHS MPOMiJIEHY BUIUISIOTh TEXHOJIOTII, 10 0a3yl0ThCsl Ha MepepoOlli allkaHiB, 30KpeMa 3HaAYHHUH
1HTepec BUKJIMKA€E KaTaNITUYHE JETipyBaHHA MPOIaHy, IpsIMe Ta OKHCHIOBAJIbHE, 3 BUKOPUCTaHHAM O2
a60 CO2 1 N20, BBaxxaeThCst HAHOUTBII NEPCHEKTUBHOIO AJIbTEPHATHBOIO MIPOIECY KPEKIHTY Ha HaTOBIH
OCHOBI. BakMBUM 3aBIaHHSAM JUIs peanizamii IUX MpoIeciB € po3po0JeHHs aKTUBHUX Ta CEJIEKTHBHUX
KaTaJi3aTopis, sKi HE MiJIal0THCS MBUAKIH e3aKTUBALIT BHACTIIOK 3aByIJieioBaHHs [1-6].

IHTepec 10 nporecy OKMCHOTO AETiApYBaHHS MpornaHy 3a gornomororo N20 nos’s3anuil 3 TUM, 1110
e KaTaliTHYHUH Ipoliec NPUBOAUTS 10 oHo4YacHOi Basopu3anii C3Hs 1 N2O 1 Moske OyTH 3aCTOCOBaHUI
U1 BAPOOHUIITBA NPOMiJieHy 3 BUKOpUCTaHHAM N20, HanmpuKiIaj, i3 XBOCTOBUX 'a3iB MPOLECIB XIMIYHUX
BUPOOHHUIITB [7].

VY ¢okyci yBaru IOCHIAHUKIB OKMCHIOBAJIBHOTO JETIIPYyBaHHSA MPOMAHy 3a YYacTIO 3aKHUCY a30Ty
(OMI1-N20) — nacammepen cuctemu Ha ocHOBi okcumiB 3d-meraniB (Fe, Co, Cu, V) Ha meomiTHHX Ta
AIFOMOOKCUIHUX HOcisiX. HaiiOiunpin BuBUeHMMHM € KaTamizatopu Fe-ZSM-5, B mpucCyTHOCTI SIKMX
JOCATalOThCS TOKA3HUKKM KOHBepcii mpomany 20-65 %, mpore ImBHAKA A€3aKTHUBAIlS 3a3HAYCHUX
KaTATITHYHUX KOMITO3MLIM BHACTIOK mepebiry moOiYHMX peakiiid KpeKiHry 1 oiiromepizaiii Ha CHIbHHX
KUCJIOTHHX IIEHTPax IEONITy YCKIAAHIOITh pearizaiito nporecy OJIT-N20 [8, 9]. Cnix 3a3naunty, 1o s
npouecy OJII-N20 Ha 3ami30BMICHHX IIEOJITOBHUX CHCTEMaX pPO3IIIAAAIOTHCS TaKi acleKTH SK MPHpoAa
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aKTUBHMX HEHTpiB akTHBallii Mosekyn CsHs ta N20O, ponb CTpyKTYpHO-pO3MipHHX (DaKTOPiB, OCOOIMBOCTI
MEXaHi3My TepeTBOPEHb PeareHTiB, mpodlieMa 3aBYTJICIFOBAHHS KaTali3aTopiB Ta ix pereHeparris [8, 10-16].

Cepen okcuaHuX 1 neontiTHUX Karanizaropis mnpouecy OAI-CO2 Haii611b11 eEKTUBHUMH € XPOM-,
rajiii-, iHaid-, BaHaMil-, IIUHK-BMICHI KOMIIO3HIIil, TAKOXX MPOMOTOBaHI qo0aBKamu IiatuHu [1-6].
AKTHBHICTh 1 CEJICKTHUBHICTh KaTai3aTOpiB 3HAYHOIO MIpOI0 JIETEPMIHOBaHA iX PEIOKC 1 KHUCIOTHO-
OCHOBHMMH XapaKTepUCTUKaMU (OOYMOBICHHMMH Yy BHIIQJKy LEOJITIB CHiBBiAHOmEHH:IM Si/Al,
MIPUPOIOI0 IHKOPIIOPOBAHUX T'€TEPOCIIEMEHTIB).

YTBOpEeHHS aJIkeHy Ha KaTali3aTopax, SIKUM MPUTaMaHHI OKHMCHO-BiIHOBHI BJIACTUBOCTI, PEIOKC
nepexoau (Cr-, V-, Fe-BmicHi ToIo), po3risaawTs depe3 yuactb CO2 B okucHeHHI mpomany (1) 3a
MexaHizMoM Mapca-Ban KpeBenena, HaTOMICTb sIK B IPUCYTHOCTI 1HIINX KOMITO3UIIiH, 30kpema Ga-, Zn-
BMICHHUX — MEPEBAXKHO 32 PAaXyHOK IMepediry mpsMoro JeriapyBaHHA (2), piBHOBara sKoro B HampsiMKy
MPOYKYBaHHS TPOTMIICHY 3MIIIyE€ThCS BHACIIJOK BUTPATH BOJHIO B 3BOPOTHIN peakilii BOASHOTO 3CYBY

(3) [16, 17]:

CsHs + CO2 «» C3He + CO + H20, 1)
CsHs <> C3Hs + H2, (2)
CO2 + H2 «+» CO + H20. (3)

Heo0OxigHo 3a3HaunTy, mo npucyTHicts CO2 B peakuiifHiil cymilli, B 3aJ1€KHOCTI BiJ MPUPOIU
HOCIS KaTaJjlizaTopa, MOXE CHPUYHMHATH TaKOX i1HriOyroumii edexrt. Tak, B HMPUCYTHOCTI HAHECEHHUX
OKCHJHO-XPOMOBHX 1 Taji€eBUX cucteM mnpomoTyroumii epext CO2 cmocrepiraiu Ui KOMITO3HUIIIH
Cr203/Si02, Ga203/TiO2, natomicth sk mus katamizatopiB Cr203/Al20s, Ga203/Al203, Ga203/ZrO:
BBeieHHst CO2 MPHU3BOAMIIO IO 3HVKEHHS X aKTHBHOCTI CTOCOBHO JIeTiipyBaHHs npomnany [17-19].

Cepen xaTami3aTopiB Tmpolecy JeriipyBaHHS TnpomnaHy po3rigaetbes Gaz0s/ZSM-5.
3a3HavyaeThCs, U0 cepesl MOTIMOPPHUX CTPYKTYP OKCUIY Tajlito HaHOUIBII TEPMIYHO CTiliKa MOHOKJIIHHA
B-Ga203 € TakoXk 1 KaTAMITUYHO HaakTUBHIIIOK [20], 110 00yMOBIIEHO BUCOKOIO KOHIIEHTPAIIIIO CITA0KUX
kucioTHux nentpis Jsroica (JIKLL) (xationn Ga®* terpaenpuunoi kongirypauii B-Gaz03). 3 BuCOKOO
koHueHTpauieto JIKL] noB’s3yr0Th KaTaliTUYHY aKTUBHICTh B JETiPyBaHHI MPOMaHy TAaKOX 3MIIIaHUX
okcuaiB GaxAlio-xO1s [21].

B naniii po6oTi mpencTaBiIeHO pe3yibTaTH MIOAO TEKCTYPHHX Ta KHUCIOTHHX XapaKTepUCTHK
MeTan(okcua)-teonmitiux kommnosunin M-BEA(MTW, MOR, ZSM5) (M = Ga, Fe, Co, In) ta ix BrumuBy
Ha KatajiTuyHi BractuBocTi B poriecax OJIIT-CO2 (N20).

Excnepumenm

Mamepianu ma memoou

[aniif-BMicHI 1eosiTH  pi3HUX CcTpykTypHux tumie (BEA, MTW, MOR) npuroroBano
TiIpOoTepMaIbHUM (30J1b-T€J1b) METOJOM 3 BHKOPHCTAaHHSM TMOJIUETBEPTUHHUX aMOHIHHHX COJIeH SK
CTPYKTYPOCTIPSIMOBYIOUHMX areHTiB 3a MOAM(IKOBAHOK METOIUKOK, OIHCAaHOK B poboti [22].
CTpyKTypo-Hanpasisfoui areHTu Oylu ofepkaHi 3a MOIM(IKOBAaHOIO METOAMKOIO, OMHCAHOI0 B pOOOTI
[23]. Jns TumoBOoro cHWHTE3y TOTYBald PO3YUH, IO MICTHB CTPYKTYpO-CIPSIMOBYIOYHMI areHT Ta
rizpokcus HaTpito. J[0o BKa3aHOTo pO3YMHY JOJABaIM HITpAT Tajilo, TETPACTOKCUCWIIAH Ta €TaHOJ.
Peakuiitny cymim ButpumyBanu mpu 65 °C mporsrom Houi, Ta npu 150 °C nmporsirom 10-25 nniB 3
nepeMimryBaHHsM. OpraniuyHuii TemIiat Buaaisum 3a remmnepatypu 550 °C npotsrom 6 rox. 3pask, Mo
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mictiiu 5.0 % mac. Ga, nosznavanu sk GasoMOR (BEA, MTW); 3pa3ku pi3zHOT MOpGOJIOTril MO3HAYCHO
SIK «HIID) — HAHOIIAPH, «HW» — HAHOYACTOYKH, «HI» — HAHOTOJIKH.

Kommnosutiii Fe203/H-ZSM5, CoxOy/H-ZSM-5 npuroroBaHo 3a METOIMKO0, OMKMCaHOI B [24],
3pasku katanizaropiB mictiiau 10 % Bar. FexOy ta 5-10 % Bar. CoxOy (B mepepaxynky Ha metain). Fe, Co
Ta In-oKCcuIHI KOMITO3UIIT TakoX OyJk HaHeceHi Ha BoaHeBi (H-popmu) neonitis MOR, ZSM-5, BEA.

[TpuroroBaHi 3pa3ku oxapaktepuszoBaHo Metogamu PDA (D8 Advance Bruker AXS GmbH,
Himeuunna; CuKo-sunpomintoBanss, Ni-pinetp, A =0.15418 um); Huspkotemneparypuoi (77 K)
an/mecopOuii asory (Sorptomatic-1990); IY-cmekrpockomii 3 ®yp’e-neperBopeHHsM, Takox [YC
ancop6osanoro nipuauny (Spectrum One FTIR Perkin Elmer, CILIA).

TecTyBaHHS KaTaTITHYHUX BJACTUBOCTEH MTPUTOTOBAHUX 3pa3KiB 11010 nporieciB OAIT-CO2(N20)
MIPOBOJIMIIM B KBAPLIOBOMY PEAKTOPI MPOTOYHOTO TUITY 38 aTMOC(EPHOTO TUCKY 3 ra30XpoMaTorpadpianum
KOHTpOJIEM (JETEKTOP MO TEIIONPOBITHOCTI), BAKOPUCTOBYIOYH 'a30Bi peakiiiHi cymimii (PC), (06. %):
2.5C3Hs-15(10)CO2-He;  1.5C3Hg-3N20-He (30 cm®/xB, Maca 3paska karamizatopa — 0.2 T;
Vo = 6000 roxt). Pearentn Ta npoayktu peakuii (CHa, CO2, N20, C2Ha, C2Hs, CaHe, CaHg) ananizyBann
xpomatorpadiuno (Kpucrammokc-4000M, Merta-XpoMm) 3 BHKOPHUCTAHHSM KOJIOHKH, 3allOBHEHOI
Porapak Q. I'a3oBy mmpo0y momnepeaHb0 OCyIyBald, IPOIYCKAIYH Yepe3 JOBYIIKY 3 XJIOPUIOM KaJIbIIiFO.

[Mokasuuku npornecie OAI1-CO2(N20) — konBepciro nponany (Xc3us), CEICKTUBHICTh YTBOPSHHS
(Scsne) Ta Buxia (Y csHe) MPOIIJICHY pO3paxoByBaiiu 3a (opMyiamu:

Xesns = (Cesns ex — Cosns sux)/Cesns ax 100 %,

Scane = Cesne/(Cesns sx — Cesns pux) - 100 %,

Y 316 = Xc3us-Sc3ns/100 %,

ne Cc3ns sxenx) - KOHIIGHTpAIlS TIpoNaHy Ha BXoai (Buxofi) peakropa, CcsHe - KOHIIGHTpALliS YTBOPEHOTO
MPOIIUIEHY.

Pesynomamu ma ix 062060penus

OxucHiosanvHe 0e2iopysants nponawy 3a yuacmio okcudy azomy(l)

3amizo- Ta K00ambT-OKCHUIHI KoMMo3uIlii, HaHeceHi Ha H-dopmu neonitie MOR, ZSM-5, BEA,
3TiIHO pe3yJNbTaTiB MONEPeIHIX JOCTIKEeHb [25], BUSBUIN aKTUBHICTD B PEAKLIAX PO3KIAJaHHSI OKCUIY
azoty(l) Ta fioro BigHOBJIEHHS MPONAaH-0yTaHOBOO CYMIIIIIIIO.

MomudikyBanusa 3pazka H-BEA oxcumamum iHIit0 Ta KOOanbTy HE CHPHSIIO MiABHILEHHIO
karanituuHoi aktuBHOCTI B mponeci OAII-N20. B mpucytnocti karamizaropa 5 %In20s/H-BEA 3a
temnepatyp Buiie 550 °C nepe0ir peakuii xapakTepu3syeThes nokazHukamu kousepcii CsHsta N20 18 ta
40 %, BimnosigHo (3a 600 °C), HaTOMICTh SK CENEKTUBHICTH yTBOpeHHs Scime = 10 %. Karamizatop
5 %In203/5 %CoO/H-BEA (tabn. 1) BusBMB akTUBHICTH y aiama3oni temmeparyp 400-600 °C. Kpamri
noka3HukH gocsaranuck 3a 500-550 °C: Scsne = 25-20 %, Ycsns = 4 % npu Xcsus = 20 % 1 Xnz2o = 41 %.

Tadoauus 1. ITokasuuku npouecy OJII1-N>O B npucyTHOCTI EONITHIX KaTai3aTopiB

Tewmme- H-BEA 5 %In,03/5 %CoO/H-BEA 5 %In,04/5 %CoO/
patypa, °C Xcsng, % ScaHe, %0 Xcsng, % ScaHe, %0 Xcshg, % Scame, %0
600 70 17 23 10 35 7
550 43 24 20 20 18 13
500 38 26 17 25 - -
450 34 32 7 8 - -

PC: 1.5 % 06. C3H8 -3 % 00. NzOfHe; Vo = 6000 1“0,[[7l
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Karamnizatopu 5 %In203/H-MOR Ta 5 %In203/5 %CoO/H-MOR mnoctynaroTscst 3a aKTUBHICTIO
komnosuuism Ha ocHoBi H-BEA. Ilpu Ttemmeparypax 550-600 °C makcumanbHa CEIEKTUBHICTH II0
nponeny ckianae 13 % na In-Co-BmicHOMY 3pa3Ky. IMOBipHOIO NMPUYMHOIO 3MEHIIEHHS KaTaliTUYHOT
aKTUBHOCTI MOJAM(IKOBAHOTO OKCHIaMM iHAII0 Ta koOanmeTy neomity H-BEA moxxe Oytu uvacTkoBe
6noxyBanHs (oxcunamu Co Ta In) ZOCTYmHHX MOBEpPXHEBUX KUCIOTHHUX LIEHTPiB BpeHcrena — meHTpiB
axtuBamii N20.

Cepen IOCH/DKEHMX KaTali3aTOpiB BHUILY AaKTUBHICTh y IIBOBOMY IIpOIECi B Jliama3oHi
temnepatyp 400-600 °C BusiBuB 3aiizoBMicHu# 3pa3ok 10 %Fe203/H-ZSMS5 (taba. 2).

Tab6auus 2. Tokasuvku nportecy OJII-N,O B mpucytHOCTI neomitaux Karamizaropis Fe,03(Cox0y)/H-ZSM5

Temneparypa, °C 10 %Fe,03/H-ZSM5 10 %CoxOy/H-ZSM5
’ Xcsng, % Scane, %0 XcsHg, %0 Scane, %0
600 62 18 55 31
500 60 17 - -
450 64 16 24 4.2
400 53 39 10 0.5

PC: 1.5 % 06. CsHg —3 % 06. N2O—He; Vo = 6000 rox*

B ymoBax gBokpartHoro Hamuumky N20 B peakuidniin cymimi (CsHs/N20 =1/2) Ha
10 %Fe203/H-ZSM5 nocsirayto Buxia npomiieHy 21 % (Scare = 39 %, Xcsns =53 %, 400 °C). Ilpu
Hi/IBUIICHH] TeMmreparypu (ikcyBaiu yTBOpeHHs mnoOiuHux mnpoaykriB (C2Ha, CH4, CO, CO2). ¥V
npucytHocti katanizaropa 10 %CoxOy/H-ZSMS nokasuuku Ycsre = 17 % (Scans = 31 %, Xcsus = 55 %)
nocsirHyTo 3a Temnepatypu 600 °C.

B po6ori [8] B mpomeci OJIIT-N20 kparuii Buxin npomineny — 20 % A0CATHYTO Ha KaTai3aTtopi
1 %Fe-ZSM-5 (3a temmeparypu 500 °C, ckman peakmiiinoi cymimi: 5 06. % CsHs, 10 06. % N-20;
XcaHg = 29.2 %, ScaHe = 68.8 %).

Bucoka aktuBHicTh kartamizatopa 10 %Fe203/H-ZSMS5 moxe Oyt 0OyMOBIICHa HAasBHICTIO
cneunpigyHOi (POPMH KHUCHIO 3 aHOMAJIbHO HU3BKOIO EHEPTi€l0 3B 53Ky 3 IOBEPXHEI0 1 BHUCOKOIO
PEaKIiifHOIO 3aTHICTIO — TaK 3BAHOTO O-KUCHIO, KM 3a0e3neuye po3kiaaaanHs N2O npu remmnepaTtypax
no 300 °C (Bomnouac, mpomaH ajcopOyerscsi Ha H-ZSMS, iMOBIpHO, 3aBISKM YTBOPEHHIO CIaOKHUX
BoMHEBHX 3B's3KiB 3 rimpokcorpynamu Si(OH)AI). dopmyBaHHS 0-KHCHIO BiIOYBA€ThCS 32 paxyHOK
B3aemonii Mosnekyn N20 3 atomamu Fe(Il), crabinmizoBaHMMHU y TMO3aKapKacHUX IO3UINSAX LEONITIB 3
BHCOKHUM BMICTOM KPEMHIIO.

[TepeOir ceneKTUBHOTO OKHCHEHHS MPOIaHy A0 MPOIIJIeHY 32 YYacTIO (-KHCHIO BiZOyBa€ThCs
4yepe3 yTBOPEHHs NpomnaHoiy sk intTepmeniaty [10-13] 3a HacTynmHOIO cXeMoro:

Fe(ll) + N20 = Fe(111)-O" + N2,

Fe(l111)-O- + Fe(l11)-O- = 2Fe(ll) + Oz,

Fe(l11)-O- + N20 = Fe(ll) + N2 + Oz,

Fe(l11)-O- + CsHs = Fe(ll) + C3H7OH = Fe(ll) + C3sHs + H20.

AKTHBHICTb Fe-BMICHMX 1I€ONITIB Yy KOHKYPEHTHHX peakwisix po3kiaaganHs N20 1o
MmoJiekysipHoro azoty ta KucHio (N2, O2) ta OJII-N20 3amexwuts Bing xonuenrparii Fe(Il)/Fe(Ill) i
NPOTOHHUX LIEHTPIB Ta po3Mmipy kpuctaniTiB [14]. HeoOxinHumu mepeaymMoBamu mepediry IiibOBOTO
nporiecy Ha Fe-ZSM-5 € Husbka KoHreHrpamis H'-rieHTpiB Ta JapiOHMX KpHCTANITIB B CKIAIi
KaTaii3aTropy, M0 iCTOTHO 3HIKY€/HIBEIOE€ IMOBIPHICTH mepediry moOiYHHUX IMPOIECiB MEepPEeTBOPEHHS
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LJIbOBOTO TPOJIYKTY — OJiroMepu3anii IporneHy 3 HaKOMWYECHHSAM I0JioNeiHiB y Mopax IEeomiTy Ta ix
noganbioro okucueHHs 1o CO/COa.

JlocsirHeHHs OB BUCOKHX MOKA3HUKIB MPOJYKYBaHHS MPOMUIEHY B MPUCYTHOCTI Fe-BMicHOTO
neonity H-ZSMS5 mnopiBusiHo 3 CoxOy/H-ZSM5 miaTBepKye BaKIUBY pOiib (OPMYBAaHHS (L-KHCHIO
(3B’s13aH0TO 3 KaTioHam# 3aiiza) g nporecy O/I1-N20.

Oxkucnweanvne  oOeciopysanna  nponany 3a yuacmiwo CO; Hna Kamanizamopax
Gaso-MTW(BEA ,MOR)

Texcmypni i kucromno-ocHosui xapaxmepucmuxu komnosuyii Gaso-MTW(BEA,MOR)

3rifHO TpeAcTaBiICHUX B Tald. 3 NaHUX, CHUHTE30BaHI TiAPOTEPMAIBHUM METOJIOM 3Pa3Ku
Gaso-MTW(BEA,MOR) xapakTepu3yloThcsi HasBHICTIO MiKpomop i3 3araapHuM 00’emoM ~0.1 eM/r i
cepeanim niamerpom ~0.9 um. Haitmennmm 06’ emom 0.14 cm®/r, niamerpom ~5.5 um i moepxuero 95 M%/T
Me30mop cepen aociikeHnx Ga-BMICHMX ILEOJITIB Xapakrtepusyerbest kommnosumis GasoMORHMI,
BOJHOYAC SIK Hal6iabmo0 BenumunHow Sper (585 M%/r) — GasoMTWHr, a HalGiIbIIUM diaMeTpoM
me3omnop (~17.8 um) — Gas.oBEAHH.

Tadmuus 3. TekcTypHI XapaKTEpUCTUKH 1eoTiTHUX Komnozuliid Gaso-MTW(BEA,MOR)

ITopucra cTpykrypa 3aranbHa

_ Mikponopu Me3sonopu axcopowuist

3pa3ox Si/Ga ?fZE/TF Vo e IliaiweTp Vrrée, Tiaverp ésg(r:j p/p(l)TI:)H]__O,
dmi , HM cM’/T Ome, HM Mz/l‘, ev/r
Gas oBEAHm 18 415 0.06 0.88+0.10 0.85 10.4+2.7 265 0.91
Gas oBEAHY 20 380 0.12 0.86+0.07 0.54 17.8+£9.1 100 0.66
Gas,oMORHIm 15 410 0.12 0.90+0.07 0.14 ~5.5+1.0 95 0.35
GasoMTWHr 24 585 0.15 0.92+0.04 0.46 10.3£3.4 205 0.61

“cepemHil miameTp Mikpormop 3a MeTogoM Saito-Foley

1443
1490 1457

1635
610 1591 1548

_J

S\

/

1650 1600 1550 1500 1450 1400
v, oM’

Puc. 1. T4-®II-ciexktpu ancopbosanoro npu 150 °C mipununy Ha 3paskax GasBEAHm (1), GasoMORHm (2),
GasoBEAHY (3) i GasgMTWHTr (4) iepapXidHuX LEOITIB

Amnani3 npeacrasieHux Ha puc. 1 cnekrpiB [HC-DII-Py cBigunTh mpo MpUCYTHICTH Ha MOBEPXHI
nocmimkenux 3paskiB  Gaso-MTW(BEA,MOR) kuciotaux 1ieHTpiB Jlptoica (c. m. 1440 (ruteue)
1443-1445, 1457, 1490, 1595, 1620 cm?), koHIEHTpamis sfKMX iCTOTHO mepeBuurye (B ~4p.)
KOHIIEHTpaIlil0 BpeHCcTeI0BUX KUCIOTHHMX LEHTpiB (caaboinTeHcHBHI cmyru mpu 1547 i 1638 cm?),
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BusBieHUX Uil kommosumii GasoBEAnm Ta GasoMTWHT 1 mpakTU4HO BiACYTHIX Ha IOBEPXHI
GasoMORH i Gas oBEAHU.

C, MKMOJIB/T

160 C, MKMOIB/T

140

1204

1001
80
601
401
20

0
Ga-BEA_nm Ga-MOR_nmr Ga-BEA_wu Ga-MTW_nr Ga-BEA_Hm Ga-MOR_uHm Ga-BEA Hu Ga-MTW_Hr

a 0

Puc. 2. Konuentparis nipuauny, yrpumyBaHoro Ha JlptoicoBux (a) i Bpencremopux (0) KHCIOTHHX LEHTpax
noBepxHi iepapxiunux neonitiB Gaso-MTW(BEA,MOR), po3paxoBana 3a manumu [UC-OII-Py npu pisaux
TeMIIepaTypax BaKyyMyBaHHA micis agcopOuii nipuauny (150 °C)

B T1ab6in. 4 naBeneno mokasuuku mponecy OJIT-CO2 (XcsHs, S(Y)csHs), (ycepenHeHi B yaci B
noroui, TOS = 20-140 xB), i Ha puc. 3 — 3MiHa BUXOy MPOIMiIEHY B Yaci Y csHe 3a Temmnepatypu 650 °C.

Tadauns 4. Iloka3HUKK OKHCHIOBAJILHOTO AET1IpyBaHHs NpomaHy 3a yyacTio CO» Ha kaTanizatopax Gaso-MTW
(BEA, MOR)

S Komnsepcis Hponen
Karamnizatop Si/Ga ;ZE/: T, °C nponaHy S % Y caHe,
(Xcang), % core %
Gas o\BEAHIm 18 415 600-650 3-8 41-52 1.2-4.2
GasoBEAHY 20 380 600-650 7-22 3-66.5 0.2-14.6
Gas o)MORHIm 15 410 550-650 3-13 49.5-64 1.5-8.3
Gas )M TWHr 24 585 500-650 12-38.5 48-69 5.8-26.6
P =0.1 MIla, PC: 2.5 % 06. C3Hg — 15 % 06. CO2 — He, Vo = 6000 rog*
1
e 2
. 3
32 e v 4
N S
24 ] .-l
g ] ‘
3
> 164 - - . o .
2] . L —® *
i )
8 A vy _
-
4_ T T T T T

T T T T T T T 1
0 20 40 80 80 100 120 140 160 180
Yac, x8

Puc. 3. 3wmina B yaci Buxoay nporineny y npoueci OJIT-CO; Ha neomitHux Katamizatopax Gaso-MTW (BEA,
MOR) 3a 650 °C: 1 — GasoMTWHr, 2 — Gas oBEAHY, 3 — Gas )MORHu1, 4 — Gas o BEAH
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JocsrayTi BenmurHU KoHBepcil nmponany (38.5 %), cenexkruBHocTi yrBopenHs (69 %) i Buxony
(26.6 %) mpomisieny 3a temneparypu 650 °C (1o BIAMOBIA€E CKIaay Ta30BOI CyMIIl MICHs KaTaji3y:
CsHs — 1.54 06. %, C3sHs — 0.66 00. %, pemra — 0.3 00. % — nmo6iuni mpoayktu (Ccsussx — 2.5 00. %) B
IbOBOMY Tipolieci Ha Kartamizatopi GasoMTWHr (3 pO3BHHEHOI ME30MOPUCTOI0 CTPYKTYPOIO,
HAWGINBIIO cepes] JOCTiIKEHUX KOMIIO31IIii TuToMOIo ToBepxHero Spet (585 M%/T) i GibIIO0, 3TiaHO
nanux [YC-OII-Py, koHIeHTpalli€l0 caOKuX, CepeIHbOI CUIIM Ta CHIIbHUX KUCJIOTHUX IIEHTpIB JIbtoica),
NEepeBUINYIOTh BiAnoBimHI BenumunHH (XcsHs, Scame, YcsHe), IOCSATHYTI B IPUCYTHOCTI IHIIMX
KaTai3aTopis.

Boanouac, Haii011bII NPUHHATHY KaTaJiTHYHY HOBEIIHKY (CTaOUIBHICTD pOOOTH), 3BaXKAlOYM Ha
XapakTep 3aJeKHOCTeH BUXOJy MpPOIMiIIEHY BiJ YaCcy BUTPUMYBAHHS 3pa3KiB B PEaKIiiHIA CyMilI mpu
T =const (puc. 3) nemoHcTpye 3pa3ok GasoBEAHY 3 HaiOutbmuM aiaMmeTpoMm Me3omop (~17.8 um).
Oxpim mporineHy, cepell MPOAYKTIB PeeCTPyBAIH (B CIIIOBUX KIJTBKOCTSIX) METaH, €THIICH, €TaH, SKi,
iMOBipHO, yTBOproBanuchk BHacHinoK kpekinry CsHs i CsHe. Buminennss CO ¢ikcyBanu B mpoayKTax
peakiii y BCIX eKCIIepUMEHTax 1 aHali3yBalM SIKICHO B OKpeMHUX Jociijzax (ra3oBuil xpomartorpad
JIXM-8M], kostorka 3 moaudikoBanum Byriuisim CKH-80).

[MopiBusHHS KatanizaTopa GasoMTWHr (kpalioro 3a rmoka3HUKaMu aKTHBHOCTI/CEJICKTHBHOCTI B
inboBomy mnporieci O/II1-CO2) 3 kpamum 3paskom GasoSiBEA katamizatopis cepii Gai.o-40SiBEA [26],
(puc. 4) 3a Temmnieparypu 650 °C:

Xcang, %0 Scans, % Ycans, %0
Gas0SIBEA 75.5 54.5 41.2
GasoMTWar 385 69 26.6
100 -
.. Ga, ,SIBEA

80 4 ‘];
70 1
60 -

50
40

MokasHuku, %

30+
20
10 4

550 600 650
Temnepartypa, C

Puc. 4. I'ictorpama 3Minu moka3HuKiB koHBepcii CsHg (0inmif), cemekTHBHOCTI (3amTpuxoBannii) Ta Buxoxy CaHe
(temumnit) B iporieci OJIT-CO- 3 TemnepaTyporo Ha katamizatopi GaseSiBEA (TOS —10-70 xB)

B po6orti [26] Takox 3a3HaueHo, 1110 B nprcyTHOCTI GaxSIBEA (x = 1-4) n0CATHYTO CIiBCTaBHUI
BUXIJl TPOMNUIEHY TpPH CITBCTABHUX BEJIMYMHAX I[E€PETBOPEHHS TPOMAHy y MPUCYTHOCTI IHIIMX
Ga-BmicHux neomitHux Karanizatopis (Ga203/HZSM-48, Ga203/HZSM-5 (Ycsue = 19-22 %) [27].

3a pesynbTraTaMu JOCITIHKeHHS [26] BCTaHOBIIEHO, 110 B TPOIIEC OKMCHIOBAIBHOT'O JICT1IPYBAHHSI
nponaHy 10 mnpomijieHy 3a ydactio CO2 B mpucyTHocTi KatamizatopiB GaxSIBEA kio4oBy podib
BIJIIrPatOTh KUCJIOTHI IeHTpH JIbtoica (cimadki Ta cepeaHboi cuiu), chopMOBaHi 130JIbOBAHUMHU aTOMAMHU
Ga(Ill). Came Tomy, BOYEBH/b, B MPHUCYTHOCTI KaTtamizaTtopa GasoMTWHr, skuii XapakTepu3yeThes
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HANOIBIIO KOHIICHTPAIlIEI KUCIOTHUX LeHTpiB JIbtoica (cepen mocmimkeHux Gaso-BMiCHUX IEOJITIB
PI3HHX CTPYKTYPHHX THIIIB) 32 OJHAKOBHUX YMOB €KCIEPHMEHTY JOCSTHYTa CEJICKTUBHICTh YTBOPCHHS
npomineHny 69 % (3a 650 °C) mepeBumiye Taky mns karamizatopa GasoSiBEA (54.5 %). Onnak, 3a
MPAaKTUYHO BIJICYTHOCTI Ha MOBEPXHI KUCIOTHUX LEHTPIB bpeHcTena, Ha sSKuX BiOyBa€eThCs aKTUBALliS
nponany, GasoMTWHr cytreBo noctynaerbest Gas.oSiBEA 3a mokasHukaMu KOHBEpPCii MpomaHy, a 0Tke
1 BUXO/Y IIITHOBOTO OJie(hiHy.

Bucnoexu

[TincymoByrOuH, 3a3HAYUMO HACTYITHI BUCHOBKH. B pe3ynbTaTi JOCHIHKEHHS Nepediry mporecy
OKHCHIOBAJILHOTO JIET1IpyBaHHs mporaHy 3a ydactio N20 B npucyTHOCTI KaraiizaTopiB Fe203, Co20s,
Hanecenux Ha H-popmu neosnitiB MOR 1 ZSM-5 3’scoBano, 1110 MaKCHMaJIbHI IIOKA3HUKU MPOTYKYBaHHS
NpoIiJeHy JocsirHyto Ha 3pasky 10 %Fe20s/H-ZSM-5 npu temneparypi 400 °C: celleKTHBHICTb
YTBOPEHHS Ta BUXiJ NpOMiJieHy ckiaanatoTh SciHe = 40 % ta Ycsne = 21 % npu konsepcii CsHs 1 N20
53 % i 85 %, BimnoBigHo. Bucoka aktuBHicTh KaTamnizatopa 10 %Fe203/H-ZSMS mosxe Oyt 00ymoBIieHa
HasBHICTIO O-TICHTPIB (aTomiB 3amiza), Ha skux 3a Temmepatyp a0 300 °C mepebirae poskinang N20 3
YTBOpEHHSAM crerudiuHoi GpopMH MOBEPXHEBOTO KHUCHIO 3 aHOMAlbHO HHU3BKOIO EHEPTi€l0 3B'A3KY 3
MOBEPXHEI0 1 BHUCOKOK PEakIiiHOI 3AaTHiCcTI0. BomHodac, mpoman amcopOyerbcs Ha H-ZSM-5 3a
paxyHOK YTBOPEHHs CTa0KHMX BOJHEBHX 3B's3KiB 3 rigpokcorpymamu Si(OH)AL

B pesynbraTi TeCTyBaHHS psiLy raqidBMICHHX LEOJITIB pi3HUX cTpykTypHuX THIiB — MTW, BEA,
MOR (mpuroroBanux riaporepManbHuM cuHTe3oM) B mpoueci OJII1-CO2 BcraHOBIEHO, IO cepen
3pas3KiB, SIKi BIAPI3HSIOTHCS OKPIM CTPYKTYpPHU KapKacy Takoxk criBBigHomenHsM Si/Ga = 15-24, naiiBumii
noka3HuKHU ceiaekTuBHOCTI 70 % yTBOpeHHs 1 Buxoay 26 % mpomineny (mpu XcsHs = 37.5 %, 600 °C),
nocsrHyTo Ha kKatamizatopi GasoMTW  (Si/Ga=24), skuii XapakTepu3yeTbCs PO3BUHEHOIO
ME30MOPUCTOI0 CTPYKTYPOIO, HAHBIIBIIO cepell H0CTiIKEHNX KOMIIO3HITii moBepxHero SpeT (585 M2/T)
1 HaiiBumoro, 3rigHo maHux [YC-®II-Py, koHIeHTpamiero crabKuX, CEpeaHbOI CHUIM Ta CHIBHHX
KHUCJIOTHHX 1IeHTpiB JIbtoica.
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Oxidative dehydrogenation of propane with the participation of mild oxidants
(N20 and CO>) on metal(oxide)-zeolite catalysts

Valeriy Chedryk, Tetiana M. Boichuk, Mykhailo M. Kurmach, Pavlo S. Yaremov,
Andriy Yu. Kapran, Svitlana M. Orlyk

L.V. Pisarzhevskii Institute of Physical Chemistry of National Academy of Sciences of Ukraine
31 Prosp. Nauky, Kyiv, 03028, Ukraine, e-mail: orlyk@inphyschem-nas.kiev.ua

The paper presents the results of the study of textural and acidic characteristics of metal (oxide)-zeolite
compositions M-BEA (MTW, MOR, ZSM-5) (M = Ga, Fe, Co, In) and their influence on catalytic properties in the
oxidative dehydrogenation of propane to propylene with the participation of CO;and N2O/ODP-CO; (N20O). The
ODP-N-0 process was investigated on indium-, cobalt-, and iron-oxide compositions based on zeolites of structural
types BEA, MOR, and ZSM-5 (H-form). The best indices of propylene production were achieved on the sample
10 %Fe,03/H-ZSM-5 at the temperature 400 °C: the selectivity of formation and yield of propylene are
Scane =40 % and Y csne = 21 % at the conversion of CsHg — 53 % and N2O — 85 %. In the ODP-CO; process, among
the samples of gallium-containing zeolites of the MTW, BEA, and MOR structure (for the Si/Ga ratio = 15-24),
higher indices of selectivity are 70 % and propylene yield — 26 % (at Xcsns = 37.5 %, 600 °C), were achieved on
the GasoMTW catalyst (Si/Ga = 24), which is characterized by a developed mesoporous structure, the largest
surface (Seet = 585 m?/g) and the highest concentration of weak, medium and strong acid Lewis sites (according to
the FTIR-Py data).

Keywords: oxidative dehydrogenation of propane, metal (oxide) zeolite compositions, H-ZSM-5, MTW,
surface acidity
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IIapo¢a3na KoHAeHCcalish METHITJIIKOJIATY 10 IJIIKOJII1Y Ha OKCUAHUX
KaTali3aTopax 3a 3HHKEHOI'0 THCKY
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Maxiiscokuti npoeyaox, 1, Kuis, 04114, Yxpaina

3apa3 TUNKOJNIT pPO3TIANAIOTh SK TIEPCICKTHBHUN MOHOMEp I  OAepKaHHS Oi0pO3KIaTHOTO
MOJITIIIKONATy. 3aBISKH BHCOKIH Ta30HENPOHWKHOCTI, MEXaHIUHIA MIIHOCTI Ta TEePMiuHIN CTabIIPHOCTI mel
moJiiMep MOKe OYTH 3aCTOCOBAaHUH B HAPTO- Ta ra30BU00YBHIN IPOMHUCIIOBOCTI, B MEIUIIUHI JIJIi BATOTOBJICHHS
010CYyMIiCHHMX IMIUTaHTIB Ta IIOBHHMX MaTepialliB, a TAKOX AK €KOJIOTIYHWI MakyBadbHUN Martepian. Tpaauniino
TTKOJIIT] ONEPXKYIOTh 3 TIiKoJeBOi kucimotn. CrodyaTKy ii MONMIKOHACHCYIOTh B HU3BKOMOJIEKYJSIDHHUHI OJIiroMep,
SKUA J1aj1i AemomiMepr3yioTh y MoHOMep. B maHiit poGoTi mocnimkeHo napodasHe mepeTBOPEHHST METHIITIIIKONIATY
O TIIKONiAy Ha OKCHOHMX Kartamizaropax 0e3 BHKOPHUCTAaHHS 1HEPTHOTO ra3y-HOCIS 3a 3HHXKEHOTO THUCKY.
Konnencartist BinOyBaeTnsest 3a cymapHoro peaktiero 2C3HgOz3 — CsH404 + 2CH30H. Criouatky 3 1BOX MOJIEKYII
METWJITIIIKOJATy YTBOPIOETHCS METWIITITIKONUITIIIKONAT, SKUH Majgi KOHIEHCYEThCS B TIKOMiA. Peaxirito
saiticaioBanmu mipu 250-300 °C, tucky 25-150 mOap i HaBaHTa)XeHHI Ha KaTajiizarop 7-25 mmonb MI/r/Tox 3
yacoM KoHTakTy MeHie 1 cek. ITokaszano, mo Haii0iiem eextuBHuM € HaneceHnuit Ti02/SiO; karamizaTop, AKHi
3abesneuye 44 % KOHBEPCII0 METHITIIKOJIATy 3 CENEeKTHBHICTIO 3a TiikonigoMm y 64 % mpu 270 °C/25 mOap.
[TpoxyKTHBHICTH KaTaji3aTopa 3a IIIKOIIJOM cKiIagae 4.9 MMONb/Tier/ToA. OCHOBHUMY MOOIYHUME MPOJYKTAMH
€ METaHOJI, METHITIIKOIITIIIKOJIaT, METUIMETOKCIalleTaT Ta METOKCUMETAHO.

Knwouogi cnosa: MeTUNTIIIKONAT, TAIKONI]], OKCHIHI KaTaixi3aTropu, 1iOKCU] TUTAHY

Bcmyn

Hukoiuauit fuMep TIIiKOIeBOT KUCIOTH — TIIIKOJIJ] 3apa3 MOXKHA PO3TIIAIATH SK MEPCTIEKTUBHUI
MOHOMEp Ul OJepKaHHS Oiopo3kiagHoro moiiriaikonary. llomirmikonar mBuaImIe pYyHHYETbCS B
NPUPOHOMY CEPEIOBHUIIN MOPIBHAHO 3 IMOJITAKTaTOM Ta 1X KomomiMmepamu [1, 2]. 3aBasku BHCOKii
ra30HENPOHUKHOCTI, MEXaHIYHId MIIHOCTI Ta TepMiuHii CTaOLIBHOCTI LEed TodiMep MOoxe OyTH
3acTocoBaHMi B HadTO- Ta Tra30BUAOOYBHIM MPOMHUCIOBOCTI, B MEAWIIMHI JJiI BUTOTOBJICHHS
010CyMICHMX IMIUIAaHTIB Ta HMIOBHUX MaTrepiajiiB 3 KOHTPOJIbOBAHHM TEPMIHOM pe30pOIlii, a TaKOXK K
CKOJIOTIYHMN makyBadbHUH Matepian [3-5]. TpagumidHO TIIKOMI BHPOOISIOTH JABOCTAIIHHUM
crocoboM 3 riikosieBoi kuciaoTu [6, 7]. Crowatky ii MONKOHICHCYIOTh B HHU3BKOMOJCKYIISIPHHUIA
OJIiroMep, SIKMH Jalti JIemoNIMEpH3YIOTh 10 MOHOMepy. CITill cKa3aTu, IO MPU BHUPOOHHUIITBI TOJITAKTATY
Tpeba KOHTPOJIIOBATH BMICT PI3HHX CTEPEOI30MEpPHHX JIAHOK 3 MiHIMIi3alli€ero HeOaKaHOTO Me30-
naktunay [1]. [mikomia, Ha BiAMIHY Bifl JIaKTHAY, HE € XipaJIbHOIO CIIOJyKOI0, TOMY TaKMX MUTAaHb HE
BUHHKAE.

He3Bakaroun Ha BUCOKMI NOMUT Ha IMOJIMIIKOJIAT (32 MPOrHO3aMH HOTO LIOPIYHE 3POCTAHHS Y
cBiTi 3 2020 p. Oyzne Ha piBHI 9.6 % 1 mocsrue 8.75 minmbspaiB noxapi B 2027 p. [8]) mpomyKyBaHHS
1Oro 010TO0NIMEpPY Ha ChOTO/IHI € HE3HAYHUM TOPIBHSAHO 3 MOJIUIAKTATOM 3 HIOPIYHUM BUPOOHHUIITBOM
Ha piBHi 300 THC. TOH.

Ha cporoani BUpOOHHMUTBO MOJIIIIKOJATY JIMITYE MO CYTI BIACYTHICTh IPHUIATHOI BUXITHOI
CHUPOBHHH JIsi OJEPXKAHHSA MOHOMEPHOTO TJIKOJIYy, 3 SKOTO MOKHO OJEp)KaTH IMOJITIIKOIaT 3
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PO3KPUTTSIM JUMEPHOTO IMKIY K Le poOIsITh IMpu BUPOOHUIITBI MOJIAKTATY 3 JAKTHIYy. B sKoCTi
TaKOi CHPOBUHHM MOJKHA PO3IJISIaTH 0araTOTOHHA)KHUI ETHJICHIIIIKOJb, SKHH MOXKHA IepepoOIroBaTh
32 CXEMOI0  eTWICHIUIIKOJIb — METWIIIKoJar — riikomia. Lled musix € anbTepHaTHBOIO
JIBOCTaAIHOMY CTIOCOOY OJlep>KaHHS TIIIKOIITy Yepe3 JeKOHICHCALII0 OJIITOMEPIB IIIIKOJIEBOT KUCIIOTH.
HenaBuo Hamu [9] OyJ10 3anpononoBano cenektuBauit CuO-CrOs/Al203 karanizatop, sikuii 3a0e3neuye
100 % xonBepciro eTuieHTIiKoI0 3 80 % ceneKTUBHICTIO 3a MeTwmiriikoiarom mpu 200-210 °C.

B nitepatypi ommcaHo KarajiTH4HI CHOCOOM KOHJACHCAIli €CTepiB MOJOYHOI 1 TIIIKOJIEBOI
KHUCIIOT JI0 MOHOMEPHHX JakTuay Ta riikoiniay BiamoBigHo npu 220-300 °C nHa kuciotaux TiO2/SiO2,
Sn02/SiO2 Ta TiO2-Zr02/Si02 xaranizatopax [10, 11]. Ix ocobnupicTio € Manuii yac KOHTAKTY, MEHIIE
1 cexynau, mapiB ectepiB 3 KarajaizaTopoMm, IO MOTpeOy€e BEIMKOrO MOTOKY 1HEPTHOTO razy, OuIbIie
4000 roxt, 3 HeoOXigHicTIO HOro HArpiBy 40 JOCHTH BUCOKOI TemmepaTypu. Hampuknan, croci6 [11]
nepenbavae npomyckanus depes kataiizatop npu 300 °C a3oty 3 BMICTOM MeTWIrIiKonary 5.6 00. % 3
06’emuor0 mBuakictio ~ 8000 rox !, mo Biamosimae yacy xontakty ~ 0.2 cex. Pamime Hamu Gymo
3alpONOHOBAHO Mapoda3zHUil METOA OJCpXKAaHHA JIAKTUAY 3 €THJ- Ta METHJUIAKTATIB HaJ] HAHECEHUM
TiO2/SiO2 okcuaHUM KaTanizaTopoMm 3a 3HMKeHOro ~ 100 MOap THCKy 0e3 BUKOPHCTaHHS ra3y-HOCis.
[Tpu bOMyY TOTIK MapiB AJIKUUIAKTATIB Yepe3 KaramizaTop 3a0e3leuyeThCsl TPaieHTOM THCKY, SIKHUi
CTBOpPIOE BakyyMHu# Hacoc [12, 13].

B miit po6oTi mpencTaBieHO pe3ysbTaTH MO KOHJCHCAIll METWIIIIIKONATY A0 TIIKOMiIy Ha
HAHECCHHMX OKCHJIHUX KaTalli3aTopax 3a 3HIKEHOTO TUCKY 0e3 ra3y-HoCis.

Excnepumenm

VY nocmigax BukopuctoByBaim katamizatopu TiO2/SiO2, SnO2/SiO2 Ta TiO2-Al203/SiO2 3
BMICTOM HaHeceHHX OKcuIiB 5-10 mac. %, ski onxepKyBadW NPOCOYYBAHHSIM KPYIMHOIOPUCTOTO
cunikaremo KCKI™ (Kurait) 3a MmeTonukoro, onrcanoro B [14], i3 3acTocyBaHHIM TeTpaOyTOKCUTUTAHY,
TETPAXJIOPHUYy OJIOBAa Ta HITpary amoMiHito. 3pazku cynrwm mnpu 80 °C Ta mpoxaproBaid Ha MOBITPI
rpu 500 °C 2 ron.

TexcTypHi apaMeTpH KaTalli3aTopiB Oyino oTpuMaHo 3 i30TepM ajacopOilii-necopoiii a3ory Ha
npuwiaai Quantachrome Nova 2200e Surface Area and Pore Size Analyser. KonrieHTpartist KMCIOTHHX
[IEHTPIB OKCHJIB Oya BU3HAYCHA METOJOM 3BOPOTHHOTO THTPYBAHHS H-OyTHIIaMiHy, aJicOpOOBAHOTO
Ha ToBepxHi 3pa3kiB, 0.05 M po3unHOM COJISTHOT KUCIIOTH B TPUCYTHOCTI OPOMTHMOJIOBOTO CHHBOTO, a
ix cuna (Ho) —3 Bukopucrannsm inaumkatopiB ['ammera (Aldrich). 3pasku mepen BU3HAUCHHSM
KHCJIOTHOCTI TiposkaproBaii Ha noitpi npu 500 °C 2 roj i 0X0M0/KyBaIK 10 KIMHATHOT TeMIIepaTypu
B €KCHKATOPI.

Pentrenorpamu karamizatopiB peectpyBaiii Ha audpakrometpi [JJPOH-4-07 y BunpomiHioBaHHi
Cu K, minii aHomy 3 HikeleBUM (iIBTPOM Y BIIOMTOMY MYyYKy 3 T€OMETpi€r0 3WOMKH 3a bperrom-
bpentano.

[Tapodaszny konaencanio metunraikonary (Kuraii, 95 %) 3a 3HM)KEHOTO THCKY MPOBOAMIN 32
METOAMKOI0, omucaHor B [12]. Peakmito 3mikicHioBanu 3a temmeparypu 250-300 °C ta tucky (P)
25-150 mbap. HaBanTaxkenns Ha karamizatop (L) ckiagano 7-25 MMOJIb/Txar/To . Tlicis peakiiii mapoBy
CYMIIll KOHJICHCYBaJI B MpUAMaYi, SIKUI OXOJIOJKYBaBCs JIbOJIOM, a IMOTIM B YJIOBJIIOBAui 3 PiIKUM
a30ToM. InenTudikanio NpoaykTiB peakiii 3ailicHioBann 3a crektpamu “C IMP (crnekTpomeTp
“Bruker Avance-400”) Tta xpomatorpamamu (xpomatorpad “Agilent 7820A”). Komuepcio (X)
METHIITIIIKOJIATY Ta CENEKTUBHICTH (S, Mac. %) MpoayKTiB peakilii po3paxoByBasii 3 XpoMaTorpadiuHux
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nanux. IIpu po3paxyHKax CEJIEKTHBHOCTI HE BPAaXOBYBAJIM YTBOPEHHI METAHOJ SIK MPOIYKT ILILOBOT
peakiii: 2C3HsO3 = C4aH404 + 2CH30H.

Pe3ynomamu ma ix 062060penns

CuHTe30BaHI HAaHECEHI OKCHAM BIHOCATHCS JI0 ME3OMOPHCTUX MaTepiajiiB 3 CEpeAHIM iaMeTpoM
nop 9-10 am, 06’emom mop 0.8-0.9 cm®/r Ta muToMor0 noBepxHero 330-370 M¥r. KoHIeHTpanist KUCIOTHHX
HEHTPIB 3pa3KiB CTaHOBUTH 1.4-1.7 MMmonb/r 3 BemmumHOIO (QyHKIIT KuciotHocti ['ammera Ho=-3.0
(tabm. 1). lobaBka okcuay amoMiHitO g0 ckiany karamizaropa T102-Al203/SiOz2 (mpu aToMHOMY
criBigromreHHi Al : Ti =1 : 3) mana 6 niABUIUTHA HOr0 OPEHCTEMIBChKY KUCIOTHICTD, BIMOBIIHO 10
npawia Tanabe. OnHaK. pe3yabTaTH BU3HAYCHHS 3arajbHOI KOHIICHTPAIlll KUCIOTHUX IEHTPIB IHOTO
3paska Ta ouiHku ix cwmm (Ho) 3 BukopucranHsm aumiuHHamananeToHy (pKa=-3.0) Ta
oenzananerodenony (pKa=-5.6 ) He mokaszanu Takoro miaBuieHHs B iHTepBaii -3.0 < Homax < -5.6
(tabum. 1).

Tadauust 1. CTpyKTypHI XapaKTEpPUCTUKU Ta KUCIOTHICTh CHHTE30BAaHMX KaTali3aTopiB

Karanizatop * Suur, M2/T Viop, CM/T Driop, HM C,,MMOJIB/T Ho max
5Ti0,/SiO; 330 0.84 9.4 1.4 -3.0
10Sn0,/SiO; 365 0.93 10.3 1.7 -3.0
5Ti0,-Al,03/SiO; 378 0.86 9.0 1.4 -3.0
Buxignuii SiO; 380 0.97 9.8 - -

* lludpa B MapKyBaHHI KaTanizatopa TyT 1 i BiANOBigae BMIiCTy HaHeceHOI (a3u B Mac. %

3riJIHO JaHUX PEHTTeHO()A30BOr0 aHaAIi3y CHHTE30BaHUX KaTalli3aTOPiB MICHS iX TEPMOOOPOOKH
npu 500 °C, HaHeCceHUH MTIOKCU TUTAHY 3aJIMIIAEThCS B amopdHOMY cTtaHi (puc. 1 a), a okcuj ojoBa
YTBOPIOE OKpeMmy Kpucrtamiuny ¢asy. Ha mudpaxrorpami spaska TiO2/SiO2 cmocrepiraerbes uiie
mmpoke rano amopduoro SiO2 3 Mmakcumymom ripu 20 = 22.0 °. Ha audpakrorpami SnO2/SIOz nprcyTHi
TakoxX Ky mpu 20 =26.5, 34.0 ta 51.7 °, ki BigHOCATHC 10 Kpuctaidigaoro SnO2 (JCPDS, Ne 41-1445)
(puc. 1 6).

1, BigH.O1. 1, Bigu.ox.

-sio,

10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
20, rpan. 26, rpan.

Puc. 1. Tudpaxrorpamu TiO2/SiO2 (a) i SNO2/SiO; (6) xaTamizaTopis
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3MiHM 3HAYeHb KOHBEPCii METHITIIKOJATy Ta CeNEeKTUBHOCTI 3a miikomgom Ha T1102/Si0O2
Kartanizaropi B iHTepBaii Temneparyp 250-300 °C ta HaBaHTa)KeHHI Ha Katajizarop 25 MMOJb MI /Txar/TO
npu Tucky 150 mOap HaBeneHo Ha puc. 2. 3 MiABHIICHHSIM TEMIIEpaTypyd KOHBEPCIs METWITIIIKOIATy
3poctae 1 jgocsirae MakcuMaibHOi BemmunHUA S1 % mpu 300 °C (puc. 2). [lpu 1pOMy CENEeKTHBHICTH 3a
rikominoM B iHTepBaiti 250-300 °C 3umkyethes 3 36 pu 250 °C mo 30 % mpu 300 °C. Buxia riikomnigy €
NPaKTHYHO OJHAKOBHM i cknanae 13-15 % (puc. 2).

X.S.Y, %
100

80
60

40 -
a2

20
A\A///A:S

2%0 2é0 2%0 ZéO ZéO 360

T.°C
Puc. 2. Komnsepcis Metwrmikonary (1), cenekruBHicTS (2) Ta Buxin (3) rikomixy Ha TiO2/SiO; kaTamizaTopi 3a pisHHX
temreparyp (25 mmosb MI/T/Toa, 150 MGap)

B Tabx. 2 nmpencrasieno jgani mapoda3zHoi KOHIEHCAIlT METHIITIIIKONIATY B TIIIKOJI HA Pi3HUX
cuHTe30BaHMX okcugax mnpu 270 °C. 3HmwKeHHs THCKY B peakTtopi Bim 150 mo 25 mMOap mpu
HaBaHTakeHHsX Ha TiO2/SiO2 karamizatop y 13-15 MMoib MI/Txar/TON TPaKTHYHO HE 3MiHIOE
KOHBEPCII0 METWIITITIKOJIATY, sIKa 3HAXOIUThCS B Mexkax 38-42 %. [Ipore, CENEKTHBHICTH 3a TIIIKOJII0M
3pocTae Oinblile, HiX BIBIYi, 3 27 10 58 % mpu 3HIKEHHI THCKY B peakTopi (Tadi. 2).

31 30UIbLICHHSAM HaBaHTa)KEHHS Ha Kartamizatop Big 7 A0 23 MMoib MI/Tkar/TON KOHBEpPCIs
METWIITIIIKOJIATY TIPAaKTHYHO HE 3MIHIOEThCs (42-44 %), mpoTe CeNeKTHBHICTh 3a TIIKOJIJIOM
30ubIIyeThest 3 56 10 64 % (tadn. 2). IlomiOHa cuTyalis cnoTepiraiach HaMu TMPH KOHJIEHCAIl
errsutaktaTy 1o jaktuay Ha TiO2/SiO2 karamizatopi npu 260 °C 3a 3HmKeHOro THCKy [13], xomu 3
migBuIeHHAM HaBaHTaxeHHs Bifg 14.7 10 34.7 mmonb EJl/Txar/TON CENEKTUBHICTD 3a JIAKTUAOM
36inbmryBanack Bif 31 10 59 % npu 3HmKeHHI KoHBepcii Big 61 g0 45 %.

Haiisumuit, 28 % Buxin rimikosiay cnocrepiraBes Ha TiO2/SiO2 karanizatopi npu 270 °C, Tucky
25 M0Oap Ta HaBaHTaxeHHI 23 MMOJIb MI /Txar/Ton (TabM. 2). [Ipu 11bOMY IIPOAYKTHBHICTB KaTajiizatopa
3a rmikomiaoM ckiana 4.9 MMoib/Txar/roa. Ciiif 3a3HaunTH, 0 B poOoti [10] BuXin riikomixy mpu
KoHjeHcanii Metwirmikonaty npu 260 °C, L = 24 mmonb MI/rar/rox Ta motomi aszoty y 4000 rom ™
ckiagas 29 %, 110 criBIagae 3 HAIIUMHU JaHUMU.

3pazok TiO2-Al203/SiO2 3a KOHBEpCi€EI0 METHITTIKOJIATY Ta CCICKTUBHICTIO 3a TIIIKOJIIOM
MaJio BiIpi3HsI€ThCs Bia Outbin mpoctoro B mpurotyBanHi TiO2/SiO2 karanizaropa (tadmn. 2). Ha meHm
akTuBHOMY SNO2/SIO2 OKcHIi CeNeKTHBHICTh 3a IiKomgoMm craHoButh 42 % mpu 33 % KoHBepcil
MeTWIrITiKoNIaTy (Tadm. 2).
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Taoauus 2. Konsepcis MeTwirinikonaTy a0 riikouaiay npu 270 °C Ha pi3HUX KaTalizaTopax

L, P, | Xwmr CxJ1aj IpoAyKTiB peakiii, Mac. % * Sra,
MMOJIb/ | MGap | % I'm | Me | MM | IMM | MI' | MMA | MIT | Tami | %
5TiO/SiO 15 150 41 84 [ 99| 16 0.5 58.9 4.2 10.7 | 58 | 27
5TiO/SiO; 13 100 38 | 146 | 57| 14 0.3 62.1 2.6 105 | 28 | 45

Karamnizarop

5TiO2/SiO, 13 25 42 | 223 |1 38| 14 0.2 57.8 2.8 8.4 3.3 | 58

5TiO2/SIO; 7 25 42 |1 211 | 41| 14 0.3 57.9 3.1 8.6 3.5 | 56

5TiO,/SiO; 23 25 44 |1 263 | 33| 0.8 0.1 55.5 1.5 102 | 23 | 64
5TiO.-

ALO4/SIO, 23 25 44 | 238 | 46 | 16 0.2 555 2.7 8.6 3.0 | 59

10SnO,/SiO; 12 150 33 | 119 |47 | 04 0.2 66.8 0.4 127 | 29 | 42

*T'm - rmikomig, Me - metanon, MM - metokcumeranon, JMM - gumerokcumeran, MI - meTunrmikoaar, MMA -
MeTtunMmerokcianeraT, MI'T - MeTHATTIKOMITIIIKOIAT

KonBepciss METHITIIIKONATY Ta CEJIEKTHBHICTh 3a TIIKONIZIOM NPAKTHYHO HE 3MIHIOIOTHCS
npotsiroM 6 rog podotu sik Ha TiO2/SiO2, tak i TiO2-Al203/SiO2 karamizaropax, IO CBIIYUTH PO
CTaOlIBHICTB 1X POOOTH.

["0510BHUM NPOAYKTOM MEPETBOPEHHsI MeTWIrmikonaty Ha 5TiO2/SiO2karanizatopi € IIKOJIi,
AKHH YyTBOPIOETBCS 3 CENEKTUBHICTIO 10 64 mac. % (1abu. 2). OCHOBHUMHU MOOIYHUMH NPOLYKTAMH €
METaHOJI, METWUJITJIIKOJIITIIIKOJIAT, METHJIMETOKCIalleTaT, HamiB- Ta TMOBHA aieTrajl METaHOIy Ta
dopMmanbaeriny (METOKCMMETaHOJ Ta JAMMETOKCMMETaH BiAnoBigHO). IlpucyTHicTh y mnpoaykKrax
peaxuii MeTWITIIKOJIUITIIIKOIAaTy BKa3ye Ha Te, IO MPOLeC YTBOPEHHS IIIKOJIAY BiIOyBaeThcs y JBI
craaii. Croyatky 3 JBOX MOJEKYJ METHUJIJIIKOIATY YTBOPIOETHCS METHUITIIKOIUITIIIKOIAT — JTIHIMHUHA
numMep MI', sikuit 1aimi KOHJIEHCYETHCS B TIIKOJII:

0
_OH | LOH

)\ + O O E— O T
0“0 f ~ CH,0H Hl/ _ CH,OH

[Ipore, HE MOKHa BHKIIIOYATH YTBOPEHHS METWITTIKOJIUITIIKONATY B pe3yibTaTi MPOTIKAHHS
3BOPOTHOI peaKIlii — METaHOJ13y TJIIKOJII Y.

MeTtunmMeTrokcialeTar MoXKe YTBOPIOBATHCS B Pe3yJIbTaTl B3a€MO/Iii METAHOITY 3 T'APOKCUIIBHOIO
IPYHOI0 METUITIIIKONATY:

_OH ~OCH;,
)\ + CHOH — )\ +  HO
0~ 0 o 0
|
MeTokcHMeTaHoNI Ta JAMMETOKCUMETaH YTBOPIOIOTHCS 3 METAHOJY, K MPOAYKTY LIJILOBOTO
NePETBOPEHHS, Ta (POPMANBJICTITY, IKUil € IPOAYKTOM pO3KiIaay MeTwirtikonaty [12], 3a peakiismu:

) O—CH
H—cZ " + cHoH —= H-c( ’
H OH
0 o—CH
H—c?  +2CHOH — H—C< 4+ HO
H O —CH,

ExcniepuMeHT mokasye, 10 YTBOPEHHS IUKIIYHOTO JUMEpPY TJIKOJIEBOT KUCIIOTH — TIIIKOMILY 3

JIBOX MOJIEKYJI METHIITJIIKOJIATY 3 YTBOPEHHSIM JIBOX MOJIEKYJ METAHOIY € 00EpPHEHUM 1 €HAOTEPMIYHUM
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nporiecom 2C3HeO3 «» C4H404 + 2CH30OH. IIpo 1me cBiauuTh HasBHICTH B MNPOAYKTaX peakiiii
METHITIIKOMUITIIIKOIATY 1 3pOCTaHHS KOHBEPCIi METWIITIKOIATy HpU MiABHILEHHI TEMIIEPATypH, SIKE
CIIOCTEpIrajioch HaMu B 1iii poOoti Ta aBropamu [10, 11]. Takuii BUCHOBOK BITHOCHUTHCS TAKOX JIJIs
YTBOPEHHS JIAKTH]Ty IIJSIXOM KOHJIEHCALlii IBOX MOJISKYJ METHJUIaKTary. [IpoTe, MeTHIIaKkTaT 31aTeH
KOHJICHCYBAaTHUCsS 3 OUIBIIMM BHUXOIOM [0 JIAKTUAY, HDK METUTJIKOJIAT JIO0 TIIKOJIAY 3a OJHAKOBOT
temneparypu. IIpo me cBigyaTh SIK Halll MOPIBHSJIBHI PE3yJlbTaTH KOHACHCAIl METHWIIIAKTATy 1
metwiriikonary [12, 13], tak i mani [10, 11, 15]. Tak, npu 260 °C xoHBepciss METWILIAKTATy CKJIAJae
50-53 % [12, 15], a merunraikonary Titbku ~30 % [10]. OCHOBHOIO NPUYHMHOIO € 3HAYHO OLIbINIA
CTaHJApPTHA CHTANBIIA YTBOPEHHS METHUIAKTaTy, Hik Merwmirimikonary (AHfP =-190 kxan/mons i
AH = -149 kxan/mounb BigmosigHo [10]).

Bucnoexu

TakuMm 4YMHOM, TMOKa3aHO, M0 Tapoda3Ha KOHJCHCALis METHITIIIKONATy B TIIIKOMII MOXe
BiOyBaTHCS HA TUTAH- Ta OJOBOBMICHHX OKCHJHHUX KaTalli3aropax 0e3 Tra3y-HOocCis 3a 3HHUKEHOTO
tucky. Beranosneno, mo TiO2/SiO2 karamizatop 3abesmeuye 44 % KOHBEPCIIO METHITIIKOJATY 3
CEJIEKTUBHICTIO 3a TiikonigoM 64 mac. % mpu 270 °C, tucky 25 mOap 1 HaBaHTa)KEHHI Ha KaTalizaTop
23 mmonb MI /Txar/TO.
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Vapour-phase condensation of methyl glycolate into glycolide over oxide catalysts
at lowered pressure

Anatolii M. Varvarin 1, Svitlana I. Levytska !, Oleksii Yu. Zinchenko 2,
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13 General Naumov Str., Kyiv, 03164, Ukraine, e-mail: brei@ukr.net

2 LTD “Techinservice Manufacturing Group”’

1 Makiivskyi Lane., Kyiv, 04114, Ukraine

Glycolide is now considered as a promising monomer for production of biodegradable polyglycolate.
Due to its high gas impermeability, mechanical strength and thermal stability, this polymer can be used in oil and
gas industry, in medicine as biocompatible implants and surgical suture material, and as an ecological packaging
material. Traditionally, glycolide is produced from glycolic acid. First, it is polycondensed into a low-molecular-
weight oligomer, which is then depolymerized into a monomer. In this work, the vapor-phase conversion of
methyl glycolate over several supported oxides without the use of an inert carrier gas under lowered pressure was
studied. Condensation occurs according to the reaction 2C3HsO3 — C4H4O4 + 2CH30OH. First, methyl glycolyl
glycolate is formed from two molecules of methyl glycolate, which is further condensed into glycolide. The
reaction was carried out at 250-300 °C, a pressure of 25-150 mbar and loads on a catalyst of 7-25 mmol
MG/gca/h at a contact time of less than 1 sec. It was shown that more effective is supported TiO2/SiO; catalyst,
which provides 44 % methyl glycolate conversion with a selectivity towards glycolide of 64 % at
270 °C/25 mbar. Glycolide productivity of this catalyst achives to 4.9 mmol/gca/h. The main by-products are
methanol, methyl glycolyl glycolate, methyl methoxyacetate and methoxymethanol.

Keywords: glycolide, methyl glycolate, supported catalysts, titanium dioxide
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AKTHBaLIS MPOMHUCJIOBOI0 MiIb-IMHK-AJTIOMOOKCHIHOT0
KaTajizaTopa oJiep:KaHHsI MeTaHOJY
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L Incmumym 6ioopeaniunoi ximii ma nagpmoximii im. B.I1. Kyxapa Hayionanvnoi axademii nayx Yxpainu
Xapxiscoxe woce, 50, Kuis, 02160, Ykpaina, e-mail: himyla@gmail.com

2 Hayionanvnuii nedazoziunuii ynieepcumem imeni M.I1. Jlpazomanoéa

eyn. Ilupoeosa, 9, Kuis, 01601, Yxpaina

Brmeprie BCTaHOBIIEHO BIUIMB MEXaHOXIMIYHOI aKTHBAIli Mib-ITMHK-ATFOMOOKCHIHOTO KaTraji3aropa Ha
CTPYKTYpPY ¥ MOPGOJIOTiI0 HOTO MTOBEPXHI, MEXaHI3M Ta 3aKOHOMIPHOCTI Iepediry peaxilii riaporeHi3allii OKCHIiB
ByIJIELI0 y MIMPOKOMY Jiama3oHi Temmeparyp 3a arMmocdepHoro TucKy. KaramiThuni IOCTiIKEHHS
3MIHCHIOBAINCEH Ha JJAOOpaTOpHil yCTaHOBI 3 Oe3rpamieHTHHM BiOpopeakTopoM. IlokazaHo, Mo MexaHOXiMidHA
aKTHBAIlls Karajizaropa Ha CTajil, MO MepeAaye KaTalidy, 3HIKye TeMIlepaTypy IHIIIIOBaHHS peakiii Ta
MaKCHMaJbHOI aKTUBHOCTI Katanizaropa Ha 20-30 °C Ta migBuirye iioro npoayktuBHicTs Ha 50 % y OpPiBHSHHI 3
rpaHyJIbOBAHUM KaTalli3aTOpoM. 3’sICOBAHO, 110 MEXaHOXIMIUHIM akTHBamii in Situ migmaeThes nuire «epeKTUBHA
nmo0aBKay KaTaimizaTopa. 3HAWACHO EKCTPEMaNbHY 3alIe)KHICTh MPOAYKTHBHOCTI KartajizaTopa BiI 4YacTOTH
BiOpamii peakropa 3 mMakcumMyMmoMm mpH 5 I'm. 3a wmiel 4acTOTHM 3HAUYeHHS NPOIYKTHBHOCTI KarajizaTtopa B
PO3paxyHKy Ha Macy «eeKTHBHOI J0OaBKM» 3a YMOB akTHBalii in Situ mpu temnepatypi 220 °C, tucky 0.1 MIla
Ta dYacToTi BiOparii peaktopa 5 I'm cranoButh 47 MMmoab CH3OH/(Twr'TOm), mo B 2.5 pasm mepeBumrye
pe3ynbTaTH, OJepXaHi B MPOMECIOBHX BHNpoOyBaHHAX Kartaiizatopa CHM-VY (ciuenb-tpaBens 2001 poky,
¢dipma «Aneiro», M. CeBeponoHenpk, Ykpaina) 3a temneparyp 210-240 °C mix tuckom 9.0 MIla. 3aransna
MPOJYKTUBHICTh KaTamiTH4HO! cucTeMu 3a vactotu 5 't cranoButh 4.5 Mr CH3OH/(TwrToM), 110 B 2-3 pasu
TIEPEBUIIYE BiANOBIIHI JaHi JUIsI TPaHYJIHOBAHOTO KaTai3aTopa B CTATHYHOMY PEKHMi. 3pOCTaHHS aKTUBHOCTI
KarajgizaTopa IijJ Ji€0 MEXaHIYHOTO HABAHTAXKCHHs IOSICHIOETHCS MIJABUIICHHSAM KOHIICHTpALii Je(eKTiB
KpHcTaniyHol IpaTkd. HoBuil edexkTuBHUI crocid onxepaHHS METaHONIY 3a YMOB MEXaHOXIMi4HOI akTHBamil
MOJKe OyTH 3a/liTHUH Y IPOMHUCIIOBOCTI SIK aIbTEPHATHBA peai3allii mporecy 3a BHCOKOTO THUCKY.

Kniouosi cnoea: rereporeHHHMi KaTaji3, akTuBaiis iN SitU, Miab-IIMHK-aTFOMOOKCHUIHUIA KaTaizaTop,
METaHOJ, CHHTE3-Ta3

Bcmyn

['eTeporeHHi KaTaJiTU4HI peakiii € OCHOBOI 0araThOX TEXHOJOTIYHUX mpoueciB. OnHuM 13
OCHOBHUX 3aB/IaHb, IIOCTABJIEHUX MEpe]l HAYKOBO-TEXHIYHUM MPOTPECOM € TMOIIYK HUIAXIB 3011bIIEHHS
IIBUKOCTI peakiii. [Hie BaXkinBe 3aBAaHHS CydacHOi XiMii 00yMOBIIEHE 3pOCTalOUYMMU MacuiTabaMu
BUPOOHUITBA XIMIYHHMX MPOIYKTIB, - MiJABUIIEHHS BUOIPKOBOCTI XIMIYHHUX NEPETBOPEHb HA KOPHUCHI
MPOYKTH, 3MEHIIIEHHS KUTBKOCTI BUKHUIB Ta BIIXOJIB. 3 IMM TOB’si3aHAa I OXOpPOHA HABKOJIMIITHBOTO
cepeoBHINa Ta OUIBII pallioHaIbHE BUKOPUCTAHHS MPUPOJHUX pecypciB. Toxk, epexkTUBHE KaTaliTHUHE
MePETBOPECHHS BUXIMHOI CHPOBUHHM B XIMIYHI KOPHUCHI TPOAYKTH ISl CYCIIJIBCTBA 3aJIUINAIOTHCS Ha
MePIIOMY MICIII cepesl TeXHOIOoTTYHuX moTped 21 cromiTrs [1].

[[IBuAKICTh KATAMITHYHOI peakilii TEXHOJIOTIYHOTO MPOIECY — HAI3BUYAHHO BaXIJIMBUH (aKTOp,
[0 BHU3HAYA€ TMPOAYKTHBHICTh OONaJHAHHS XiMiYHUX BUpoOHUITB. Cepen NUIAXIB TMiABUIICHHS
€(EeKTUBHOCTI KaTAJITUYHUX TPOLECIB OJHUM 13 TEPCHEKTUBHUX € YJOCKOHAJICHHS BXKE ICHYIOUHX
TreTEepPOreHHUX Karaji3aTopiB depe3 ix aktuBaiio. Cepen crmocoOiB akTHBAIlli KaTadi3aTopiB s
iHTeHcudikamii  (Hi3UKO-XIMIYHUX TPOIECIB, OCTAaHHI KUIbKa JECATHPIY BUKOPUCTOBYIOTH JIIFO
MeXaHIYHOT eHeprii — MexaHoxiMiuHy akTuBarlito (MXA) tBepaux Tia [2, 3]. [TiaBuIIeHHS KOHIIEHTpAITii
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peakIiifHO 3JaTHUX IIEHTPIB Ha TIOBEPXHI TBEPJOi pEUOBUHM-KATAII3aTOpa — OJJHA 13 OCHOBHUX 3aB/IaHb
TeTepPOreHHOro Karaji3y. 3 MOIIALy Ha 1€ aKTyaJlbHOCTI HAaOyBa€ JOCIHIIKEHHS BIUIMBY MEXaHIYHOTO
HaBaHTAXXCHHS Ha CTaH Ta PeakLiiHy 3aTHICTh TeTEPOTCHHUX KaTaji3aTOPiB Ta MEXaHi3M iX B3aeMOJil 3
peareHTaMu SIK Ha CTafil penakcalmii HaKIaJeHOi Hampyrd, TaK 1 B MPOLECI EHEPreTUYHOIo
HABAaHTA)XCHHS B YMOBaX peakmii. B OCHOBI WiABUINEHHS KATaJITHYHOI AaKTHUBHOCTI JIEKATh
3aKOHOMIPHOCTI MEXaHOXIMIYHUX TEpPEeTBOPEHb, SKi BH3HAYAIOTHCS CTYNEHEM YHOPSIKOBAHOCTI
CTPYKTYpH, TpolecaMu ii penakcaiii 3 BUBUIbHEHHSM eHeprii, Tomo [4]. BimMiueHo, mo B mizoMy
YTBOPEHHSI CBIKHMX NOBEPXOHb MEXAaHIYHHM ILUIXOM — OAMH i3 MOXKJIHMBHX 1 MPAKTUYHO JOCTYIHHX
croco0iB pereHepartii BipalnbOBaHUX KaTalli3aToOPiB, SKi JE3aKTUBYIOTHCS PI3HUMH BiJKIaCHHIMH, B
TOMY YHCIi, KOKCy. BTiM, He3Ba)kaloul Ha BEIHMKY KUIBKICTh IMyOJiKaliid, OJHOCTAHHOTO MOTJSAY Ha
B3a€MO3B’SI30K MEXaHIYHOI J1ii Ha KaTajai3aTop 3 HOro akKTUBHICTIO JIOCI HE 3HAWCHO.

MacmTaOHe BHPOOHHMIITBO METAHONY Ta OaraTopiyHi JOCTIJUKEHHS CHPHUSUIA JIOCSTHEHHIO
yCHiXiB B HAYKOBOMY IMOINYKY IIISAXiB MiJABUIICHHS AaKTHBHOCTI, CEJIEKTHMBHOCTI BHKOPHUCTOBYBAHHX
KaTtanizaropis [5, 6]. Migb-IWHK-aJIFOMOOKCHIHI KaTalli3aTOPH MPOSBISIIOTh CBOIO BUCOKY aKTUBHICTH B
yMOBax MiJBUIIICHOTO TUCKY, IO JIS)KUTh B OCHOBI KaIliTAJIBHUX 3aTPAT Ha 3[IHCHEHHS MPOIIECY CHHTE3Y
METaHOJy B IPOMHUCIIOBUX MaciiTadax. XiMiYHUH CKJIaJ KaTalli3aTopa CHHTE3Y METAaHOJy 3 CHHTE3-Ta3y
naBHO BimoMuil. ToMy MOKpaimieHHs MOKa3HUKIB IBOTO Hpolecy abo 3HM)KEHHS €HeproBUTPAT MOXKHA
n00uTHCH a00 HUIAXOM CTBOPEHHS HEOOXITHOI CTPYKTYypH KaTtaiizaropa ab0 HUISXOM TEXHOJOTIYHOI
OIITUMI3AIlil CaMOro reTepOreHHO-KaTaJiTHYHOro npouecy. CaMe 1i JBa HanpsMKU i Oynu peasizoBaHi
B TIOJTAHUX JTOCT/KEHHSX.

Merta nogaHoi poOOTH — JOCTIIKEHHS BIUIMBY MEXaHOAKTHMBALli MPOMMCIOBOTO Mib-LIIMHK-
amoMookcuaHoro katamizatopa CHM-V (Vkpaina) Ha mepebir KOHBepCii CHMHTE3-Tasy B METaHOJ 3a
aTMOC(EpPHOTO TUCKY.

Excnepumenm

JlocmipkeHHsT 31IHCHIOBAIM Ha JTaOOpaTOpHiM YCTaHOBII 3 Oe3rpaZieHTHHUM BiOpOpeakTopoM,
cxema sKoi mojjaHa Ha puc. 1.

Oco06IMBICTh OCHOBHOTO (PYHKIIIOHAIBHOTO €JIEMEHTY YCTaHOBKH — BiOpopeakTopa (1) — momsirae
B TOMY, IO BiH 3’€JIHaHUI 3 TeHEpPaTopoM YacTOTHUX KonuBaHb (11), sKkuil peryntoe 3BOPOTHO-
MOCTYMaJbHI PyXH PEaKToOpa 3 KaTaJiTUYHOIO CUCTEMOIO Y BEpTHKAIbHIN IJIOLIMHI B Jiana3oHi 4acToT
1-10 I'u. Came 3aBasku Takiii poOoTi peakTopa 3a0e3nedyBaBcsi BIOPO3PIKEHUH CTaH JOCIHIHKyBaHOI
KatanituyHoi cuctemu [7]. BiGpopeakrop — muimiHApUYHUI anmapat eMHIicTIO 40 MJI, BUTOTOBJICHUH 3
HEpXKaBilovol CTaji, po3MillleHU B enlekTponiairpisayi (3). MeragonopoukoBuii GisibTp 3 HepxKaBito4oi
ctani (4) BcepenHi peakTopa 3 cepeaHiM po3mipom nop 50 HM 3amolirae BUHOCY 4acTOK TBepaOi (a3u.
Ha Buxoai 3 peakropa B mocyauHi Jlproapa 3 OXOJIOJKYIOUOIO CYMIIIIIIO BCTAHOBIJIEH! YJIOBIIIOBAYl
PLAKUX TpOAYKTIB cuHTE3Y (6, 7) 3 auMeTtuiopmamizom BupoOHUITBA pipmu «Mepk». ['a30Bi Ta piaki
MIPOAYKTH peaKiiii aHaixi3yBajal METOJOM I'a30B0i Xxpomarorpadii.

Bi6popeaktop Ha 50 % 00’eMy 3amoOBHIOBAM KaTaJiTUYHOIO CHUCTEMOIO. B SKOCTiI iHEpPTHOTrO
IHCTIEPTYIOUOro MaTepially BAUKOPHUCTOBYBAIM CKIISTHO-KepaMidHi KyJbKH JgiameTpoM 1-1.2 MM 3 pizHUM
«abpucoM» MOBEpPXHI — TOBAPHUN MaTepiaji 3 OJHOPIAHOIO IIAJKOI0 MOBEPXHEI0 Ta TOW K€ Marepiai 3
HEOJTHOPITHOI0 IIOPCTKOIO TIOBEPXHEI0, YTBOPEHOIO Micis HOro oOpoOKHM pPO3YMHOM (HTOPHCTOTO
amoHito. IlopiBHsUIBHI JOCHIIKEHHS TpaHy/lIbOBaHOrO mpomucioBoro Kkaramizaropa (0.4-0.6 Mm)
3IIMCHIOBAJIM y CTALlIOHAPHOMY IHapi TpyO4acTOro peakTopa 3 HEp)KaBilOYOi CTali, HA SKUHA y LBOMY
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BHIIAAKy OyJio 3aMiHEHO BiOpopeakTop Yy JabopaTopHiii ycrtanoBmi (puc. 1). 3arampHa Maca
JOCTIPKYBAHOTO KaTajizaropa B 000X Bumaakax cranoBmia 0.9-1.0 r.

oo

Puc. 1. TlpuHnumnoBa cxema J1a0OpaTOpHOI YCTAaHOBKH 3 OC3rpajieHTHHM BiOPOPEaKTOPOM ISl JIOCHIPKEHHS
KOHBepcii cuHTe3-Ta3y: 1 — peakTop; 2 — KaTaJliTHYHA CHCTEMA; 3 — Mi4 peakTopa; 4 — QinbTp; 5 — BUXiA MPOAYKTiB
peaxiiii 3 peakropa; 6, 7 — yIOBIIOBaYi piAKKX Mpo0; 8 — mepucTansTHIHMA Hacoc; 9, 10 — eMHOCTI 3 CHHTE3-Ta30M,
SKAA TUPKYIoe B cucTeMi; 11 — TeHepaTop 4YacTOTHMX KOJMBaHB, 12 — OJIOK KOHTPOIIO 3a TEeMIIEPaTypoio
BcepenuHi peaktopa; 13 — Onok HarpiBy medi peakropa; 14 — eMHIiCTh Uil cuHTe3-Ta3y; 15 — €eMHICTb JUI BOAHIO;
16 — repmomnapa; 17 — ckisHI KyJnbkH 3 HaHeceHNM Kartanmizatopom CHM-VY (30inbinene 300paxenHs); 18 — kpan
PETYIIIOBaHHSI HAIIPSIMKIB Ta30BUX ITOTOKIB

KonBepciro crHTe3-ra3y JOCTiPKyBaIM 32 aTMOC(epHOTro TUCKY B fiana3oHi Temmeparyp 160-280 °C
B CTaTHYHO-IMPKYJALIHHOMY pexumi. [a30By CyMilml ToJaBald B PEaKTOp «3BEPXY-BHH3Y.
[upkynsmito ra3y 3 HEKOHJCHCOBAaHUMHU MPOIYKTaMHU 3/iHCHIOBAIN 32 JOIIOMOTOI0 TEPUCTATBTUIHOTO
nacocy turmy LDIPLS-301 (8). ILIBuaxicTs mupkynsmii cranosuna 11000 roa ™, kpaTHicTh mupkyssiii — 55,
o 3a0e3nevyye MPOTIKaHHS PEakIii HaBiTh y CTAI[lOHAPHOMY Iapi TPaHyIHOBAHOTO KaramizaTopa y
0e3rpaaieHTHUX yMOBaX.

MexaHOXIMIUHY aKTHBAIIO KaTaji3aTopa 3iHCHIOBAIIM IBOMA [IUIIXaMU:

1) miero cuiM MEXaHIYHOTO 3CYBY IIJISIXOM PO3THPAHHS MPOMHCIOBOTO KaTali3aropa B CTYIII J10
MOYaTKy JAOCIIHPKEHHS;

2) mieto cuik yaapy in Situ B mporieci peakiii.

KaraniTiana cuctema Jijis BIOpopeakTopa roTyBajach IIITXOM MEXaHOOOPOOKH KaTalizaTropa 10
MOYaTKy KaTaJiTHYHOI peakmii. ['paHynboBaHMII MPOMHUCIOBUI KaTalli3aTop PO3THPAIU B CTYMI IO
OJHOPIHOTO CTaHy MpOTAroM romuHu. HaBakky oTpumanoro mopomky ¢pakmiero ~ 100-200 mxm
HAaHOCWJIM Ha IHEPTHUH HOCIH — CKJIO-KepaMivyHi Kynbku miamerpoMm 1.0-1.2 mwm, sikuii B mopaibmomy
BHKOHYBaB (DYHKIIIFO JUCTICPTYIOUOTO MaTepiaty.

[lepen HaHECEHHSM TOPOIIKY KaTalli3aTopa Ha MOBEPXHIO AMCIEPTYIOYOrO MaTepiary, mepur 3a
Bce, OyJI0 MiArOTOBJICHO TMOBEPXHIO CKJIO-KEpPaMiYHHMX KyJBOK JI0 anaresii Ha HUX Karamizartopa. s
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IIbOTO BU3HAUYEHHUI 00’€M CKJIHUX KyJIbOK po3mipoMm 1.0-1.2 MM cTpymryBanu B 1a00paTOPHOMY CHTI 3
niametpom otBopiB 0.6 MM mpotsrom 30 XBWIWH Ui BUAAJICHHS HECTAaHAAPTHUX JOMIIIOK Ta
nuTipyBaHHS TOBEPXHI KyJbOK. BiamutidoBaHi KyJbKH pO3MIIIAIM B CKISHIM €MHOCTI, J0AaBaiii
HABa)XKY IOPOIIKY KaTalli3aTopa, 3aKpUBaJM KOPKOM 1 MPOBOIMIM HAHECEHHS MOPOLIKY Ha KYJIbKH
HUIIXOM MEXaHIYHOTO CTpyIIyBaHHA HpoTaroM 1 roaumuu. IloTiM karamiTuuHy cuctemy (KyJbKH Ta
MOPOIIIOK KaTali3aropy) BUWMamM 3 KOJIOW, MPOCIFOBAIM Kpi3b CHUTO MJIs BHUAAJICHHS YAaCTUHU
KartajizaTropa, fKa He aJre3yBaja Ha KyJbKax, Ta 3BaXyBaJId, YNM BCTAHOBJIIOBAJIM Macy HaHECEHOTO
Karanizaropa. [lifroToBneHy TakuM YHHOM CHUCTEMY «KaTali3aTop — IHEpTHHIA HOCIi» 3aBaHTAKyBaJl B
na0opaTOpHUN PEaKTOp, BCEPEAMHY SIKOTO 3HOBY J0JaBaJIM MEBHY HaBaKKy PO3TEPTOro KaramizaTopa,
Ta CTPYLIyBAIA CHCTEMYy 3a POOOYMX TeMmIepaTyp B yMoBax BiOpalii peakTopa Ui OTpPHUMAaHHS
MaKCUMallbHOI aare3ii kartaiizaropa Ha iHEpTHiM ocHOBi. Ilicis IOro KaTaliTHUHY CHUCTEMY
BUBAaHTAXXYBaJld 3 pEaKTopa, BiJCIIOBAJIM HEaAre30BaHMM KaramizaTop Ta 3BaxkyBaau ioro. IIporec
MOBTOPIOBANM JOTH, JOKH Maca BIJCISHOTO KaTamizaTopa HE JOpiBHIOBAJIaCh Maci KaTami3aTopa,
J0aHOTO JI0 PEaKTOopa.

JList ToCIiKeHHST BIUIMBY MEXaHOXIMIYHOT aKTUBAIIli KaTai3aropa MUITXOM MEXaHIYHOTO yaapy
in Situ B peakIiifHOMY CepeoBHIIll 0E3MOCePEIHhO B PEaKTOpi CTBOPIOBAIM aepo30jib Karaji3aTopa,
HaBaXXKY SKOTO JOJATKOBO BHOCWJIM B MIPOCTip BiOpopeakTopa 3 KaTaJiTHYHOIO CHCTEMOIO 1 SIKa BXKE He
MaJla MOKJIMBOCTI aJre3yBaTH Ha KyJbKy, 0O OCTaHHS MOBHICTIO 3alHATa MONEPEAHBO PO3TEPTUM i
HaHECeHUM KaTanizatopoM. Ilix BIJIMBOM 4YacTOTHHX KOJHMBAHb pEAKTOpPa YACTHHKH TaKOTO
KaTtajizaropa B CTaHi aepo30JI0 OMHHSAIOTHCS B TOYKAX 3ITKHEHHS KYJbOK, SKi BUKOHYIOTH PpOIb
aKkTHBaTopa-aucnepraropa. Maca no0GaBku katanizaropa craHoBuia 0.1 mac. % Bif 3aranbHoOi HOro
MacH, aJre30BaHoOi Ha KyJbKax Ta B MOJaHii poOOTi BBaXKAEThCA €(PEKTUBHOIO JJOOABKOIO KaTalli3aTopa.
BaxniBoro yMOBOIO 3/IIiICHEHHSI TaKOi MEXaHOAKTHBAIIi1 IN SitU € HAasBHICTh YacTOK Kartaiizaropa (SKui
Oyzne icHyBaTH B BHUIVIAAI aepo30JII0 B YMOBAaX peakllii) B MPOCTOPI MK KyJIbKaMH B MOMEHT iX
CHiByJapsiHHS B yMOBax BiOpailii peakropa.

ITo 3aBepIeHH] KaTaJiTHYHUX JOCIIKEHb KaTaJiTUYHY CUCTEMY BUBAHTAXyBaIM Ta 3BaXKyBaJIH
JUIE  KOHTPOJIO KUIBKOCTI KaTajli3aTopa Ha KyJlbkax. [lapanenpHO BH3Ha4yaial KOHLEHTPAIIiIO
KaTtayi3aropa aHaJITHYHUM METOOM.

PesynbTaTi J0CHIKEHh MEXaHOAKTHBOBAHOI'O KaTaji3aTopa IMOPIBHIOBAJIM 3 BiJIMOBIIHUMHU
JaHUMU JUIS TIPOMMCIIOBOrO Kartanizaropa (po3mip rpanyi 0.4-0.6 Mmm), po3MillieHOTO B CTallioHAPHOMY
mapi Tpyo4acToro peakropa.

SIK cupoBMHA BHMKOpHCTaHa Ta30Ba CyMIIl BOJHIO Ta MOHOOKCHUAY BYTJElI0 (MOJIbHE
cruiBBigHomenHss H2/CO cranoBuno 4/1) 3 mo6aBkoro 4 %, 06. CO2. OnepxaHHs METaHOIY i3 CHHTE3-
ray 3fiiicHioBamM 3a arMocdepHOro THUCKY B Jiama3oHi Temmeparyp 160-260 °C B craTuyHO-
HUPKYJSILIHHOMY PEXHUMI.

Karanizarop mepea mo4yaTkoM BHMIpIOBaHb BiJIHOBIIIOBAJIHM 32 aTMOC(EpPHOro THCKY B MOTOII
cyminm H2/Ar (30 % H2) mpu 00’eMHIN MIBUAKOCTI rasy 103rog? 3 MMOCTYMOBHUM  ITiIBULICHHIM
temneparypu 1o 150 °C, BurpumyBamu | roguHy, micis 4YOro 3aMiHSUIM Ha poOody cymim i
nponosxyBanu HarpiBanHs (20-30 °C/rom) mo 240 °C. Jlns crabimizamii akTHBHOCTI KaTali3atopa
3IIHCHIOBAJIM OTO CTaHAApTHY 00poOKy poOouoro cymimtito npoTsrom 8 roaut mpu 240 °C.

AKTUBHICTh KaTaji3aTopa OI[IHIOBAJM 3a 3HAYEHHSAMH WOTO0 MPOAYKTUBHOCTI B peakii
OJICpKaHHS METAHONIy i3 CHHTe3-ra3zy, e()eKTHBHICTh MPOLECy — 3a 3HAYCHHSIMM KOHBEpCii BHUXiJHOI

CHPOBHHHU 32 BYTJICLIEM Ta CEJICKTUBHOCTI 32 LIJIbOBUMH MPOIYKTaMHU B 3QJICXKHOCTI BiJl TEMIIEpaTypH. 3a
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MPOAYKTUBHICTE OyJIO B3STO KUIBKICTH METaHONY, YTBOPEHOro Ha 1T Kartamizaropa 3a | rogusy.
3arapHy NMPOJAYKTUBHICTH KAaTATITHYHOI CHCTEMH PO3PaxXOBYBAJIH 32 CYMOIO 3HAYECHb NMPOIYKTUBHOCTEH

KaTaii3aropa, MEXaHOXIMIYHO aKTHBOBAHOTO JBOMA CIIOCOOAMH.

Peszynomamu ma ix 062060penn:

Pesynbpraty mopiBHsUIBHUX JOCHiKeHb Kataiizaropa CHM-VY B pi3Hux BapiaHTax mnepeoOiry
KaTajizy — CTallOHapHOMY Ta BiIOpO3pIIKEHOMY peXUMax — B peakili oJlepsKaHHs METAHOIY 3 CHUHTE3-
ra3y 3a temrieparypu 220 °C mogaHo Ha puc. 2.

Puc. 2 imroctpye BIUIMB MeXaHIYHOI aKTHBALIii KaTalizaTopa Mij J1€l0 CHIIU 3CYBY (MEXaHOAKTUBALIIS
1 msixoM) Ha HWOTO TMPOMYKTHBHICTH 3a METaHOJOM. HakmamaHHS CHiaM 3CyBY Ha KaTayli3aTop Mepes
MOYAaTKOM CHHTE3Y MiJIBHIIYE HOro MPOMYKTUBHICTD B peakiii chHTe3y MeTaHoiy npuommsHo Ha 20-30 %
(puc. 2 a, 30Ha I, kpuBi 2, 3) y MOpIBHSAHHI 3 TPaHyJIHOBAHUM KaTajizaTtopoM (puc. 2 a, kpusa 1). Ilepexin
KaTaJIITHIHOT CUCTEMH 31 cTamioHapHoro (puc. 2 a, 30Ha I, kpuBi 2, 3) y BiOpo3pimkeHuii cran (puc. 2 a,
3oHa I, kpuBi 2, 3) He BIUIMBae Ha AKTUBHICTH Karamizatopa. Lleil pe3ynbraT CBIIYHUTH, IO B YMOBax
BiOpawii peakTopa TpH 3ITKHEHHI KyJbOK BIJICYTHS JOJATKOBA MEXaHIYHA aKTHBAIlisl KaTali3aTropa,
HAHECEHOT'O Ha TIOBEPXHIO KyJIbOK (akTuBarlis in Situ He mae mictis). OnepkaHuil pe3ysibTaT He 3aJIeXKUTh BiJ

KOH(Iryparii MoBepXHi CKISTHO-KepaMiYHUX KYJIbOK SIK HOCIS KaTaji3aTopa.
100 - 3 3onal : 3ona Il

3,00 - 3ona Il 3ona Il
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Puc. 2.  3miHa MPOXYKTUBHOCTI KaTaiizaTopa 3a METaHoJoM (a) i MMTOMOI KaTaliTHYHOI akTUBHOCTI (0)
karanizatopa CHM-VY y uaci: rpanyiboBaHuil KaTajizaTop B TpyOuacToMy peakTopi B cramioHapHux ymoBax (1);
NpiOHOMUCTIEPCHUM KaTaji3aTop, HaHECeHWH Ha KyJIbKH 3 Tiagkoio (2) ta penbedHOIO (3) MOBEPXHEIO
(BiObpopeaktop). 3oHal — cramionapui ymoBu; 3oHa Il — BiOpauifini ymosu. (P =0.1MIlla; t=220 °C,
U=1.1-10° rox %, wacrora BiOpariii peakropa 5 ', Mmonbae criBBigHomienHs Hy : CO = 4.0, Bmict CO2 — 4 %)

Tabauusg. BractuBocTi KaTasmizaTopa micist 1oro MexaHooOpoOKH I JTIE0 CHITH 3CYBY

. . [MuToMa KaTanmiTHYHA AKTUBHICTh

e Po3zmip [Tutoma . 2

‘3 Karajizaropa, Mrcuson/(M”TOM)

5 . JaCTOK TIOBEPXHS

<) XapakTepucTuka Karajaizaropa . : ] ] ]

lo:l( Karaiq3aTto- KaTa.Hl;aTO' CTaLIIOHapHI/Iﬁ BleOS’pl,ZDKeHHﬁ

= pa, MKM pa, M/ Tiar cTaH cTaH

1 I'panynpoBanuii 400-600 71.4 21.8-22.5 -
PosrepTuii Ta HaHeceHui Ha

2 [IOBEPXHIO HEOGPOGIEHHX 0.5-1.0 30.74 73.5-75.5 73.5-75.5
PostepTuii Ta HaHeceHU Ha

3 noBepxHi0 00pooennx NH4F 0.5-1.0 27.8 72.5-75 72.5-75
KYJBOK
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SAxmo npoayktuBHicTh KaTanmizatropa (MrCH3OH/rkar.-Tox) micis MexaHoakTuBamii 1 muisxom
NepEeBUIIlyE BIAMOBIAHI JaHi Uil TpaHyiboBaHoro 3paska Ha 20-30 %, To muTOMa KaTaliTHYHA
akTuBHicTh (Mr CH3OH/M? rox) — nmpubmusuo y 2.5 pasu (Tabm.; puc. 2 6).

[TuToMy TOBEpPXHIO T'paHyJIbOBAHOTO Ta MEXAHOAKTHBOBAHOTO IIISIXOM MEXaHIYHOTO 3CYBY
KarajizaTopa BH3HAYAIU METOJIOM TEIUIOBOI AecopOiii aprony. byno BCTaHOBIEHO, 110 31 3MEHIICHHSIM
PO3Mipy YacTOK Karaiizaropa HOro MUTOMa MOBEPXHsS 3MEHIIYETHCS B MOPIBHSAHHI 3 IPaHyJIbOBAHUM
(Tabn.1), MmO NPOTHUPIYUTH 3arajJbHONPHUHATIA TOULll 30py, 3a SKOI THUTOMa TIOBEPXHSA 3
IHMCTIEPTYBaHHSAM Matepiany 3pocrae. OTpuMaHHl pe3yjabTaT MOSACHIOETHCS 3MIHOIO OyJ0BH
KPHUCTATIUHOI IPATKH, 3pOCTAHHSAM KOHIIEHTpALlli Je(EKTIB 3 MiJBUIICHOI0 KaTaTITHYHOIO aKTHBHICTIO B
pPO3paxyHKy Ha OJMHUIIIO TOBEPXHI BHACHIAOK il cuiau 3cyBy. lIpo 3B’SI30K JeeKTOyTBOpEHHS 3
KaTaJIiTHYHOIO aKTUBHICTIO ieThcst B podoTax [8-10].

Jlis nociiKeHHsT BIUIMBY MEXaHIYHOI akTHBalii katajiizaTtopa in Situ mgo BiOpopeakTopa 3
KaTaJIiTHYHO CUCTEMOI0 BHOCKIH edekTuBHY 100aBKy (0.1 %) posreproro karaiizatopa (puc. 3).

3onal | 3onall

L > > o
»n o v o
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e
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1 1

=
o

Yac peakuii, roa

Puc. 3. 3MiHa B Yaci MpOJyKTUBHOCTI KaTATiTUYHOI CUCTEMH 3a METaHOJIOM 32 HASBHOCTI JIOJIATKOBOI HABAXKKU
0.1 mac. %, KaTanizaTopa TpH pisHiit gacToti Bibpanii peaktopa (P = 0.1 MITa, U = 1.1-10° rox %, t = 220 °C, MomnbHe
cruiBinHomeHHs: Hy : CO = 4.0, BmicT CO2 — 4 %.). 3ona | — crarnuni ymoBH, 30Ha 1 — BiOpariiini yMOBHU: KpHBi
1-4 — xatamizaTop, HaHeceHHH Ha HeMoAW(IKOBaHI KyJbKH 3 TJIAJIKOI0 MOBEPXHEI; KpuBa 5 — Karamizarop,
HaHECeHMH Ha MOAM(iKOBaHI KyJIbKH 3 penbedHOI0 moBepxHero. Yacrora BiOparmii: kpusi 1 Ta 5 — 5 I'ny, kpuBa 2 —
3 T'u, xpusa 3 — 7 I'y, kpuBa 4 — 9 'y

Puc. 3 imocTpye BIUIMB MeXaHIYHOI akTHBalii KaTaimizaTopa in Situ Ha HOro MpoAyKTHBHICTH 3a
METAHOJIOM. 3a HasBHOCTI B cHUCTeMi e(eKTUBHOI J00aBKH, OJpa3zy Iicis BKIIOYEHHs BiOpatii
KaTaJiTHYHOI CUCTEMHU CIIOCTEPIraeMo pi3KHi CKAa4OK 3arajbHOI MPOJYKTUBHOCTI KaTalizaropa (puc. 3,
3oHa II, xpuBi 1, 2, 3, 4). Llel edexT He 3aekKUTh BiJ Yacy BKIIOYEHHs BiOpamii peakTopa (B Mexax
20 romuH  OesmepepBHOrO Mpolecy). 3 METOI OTPUMaHHS KOPEKTHHMX pe3ysbTaTiB BiOpalliiini
KOJINBAaHHS peakTopa BKJIIOYAIM B YMOBaxX CTaOUIbHOI aKTMBHOCTI KartaiizaTopa B 30Hi I (puc. 3, 7-Ma
ro/INHA).

3HaueHHs TNPOAYKTHBHOCTI KaraiizaTtopa B pexumi BiOpamii peakropa (puc.3, 30Ha ll),
CIPUYMHEH]1 BHECEHHSM JI0 KaTaTITUYHOI CUCTeMH e(PEeKTUBHOI 100aBKH, pO3paxoBaHi Ha 3arajbHy Macy
Karamizatopa B peaktopi, y 1.5-2.0 pasu mepeBUIIyIOTh 3HAYEHHS NPOAYKTUBHOCTI KaTamizaTopa y
BiJcyTHOCTI BiOpauii (puc. 3, 30Ha [). OnepkaHuil pe3ynpTaT MOXKHA IMOSICHUTH AKTUBAILIEI0 YaCTOK
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e eKTUBHOI JTO0ABKM KaTaiizaropa y MiXKYJIbKOBOMY MPOCTOPI MUITXOM MEXaHIYHOTO yaapy In Situ B
TOYKAX CTUKAHHS KYJbOK, [0 PyXarOThCs. Y SIBJICHHS PO 1 SBHUIIIE Ia€ CXeMa, ojaHa Ha puc. 4 [11].

[TigBumieHa NPOAYKTHUBHICTH KaTamizatopa (puc.3, kpusil, 2, 3,4), 3yMoBIeHa MeXaHO-
aKTHBAIi€0 ePeKTUBHOI 100aBKH IN SitU, 30epiraeThCst MPOTAroM 3-6 rOIUH B 3aJIEXKHOCTI BiJl 4aCTOTH
BiOparlii peakTopa, MICIAS 4YOro Maja€e 0 TMEPBUHHUX 3HAYEHBb, 110 MOYKHA TOSICHUTH arperamiero
YIBTPAAUCIIEPCHUX YACTOK Ta aHITUIALIEI0 1€(PEKTIB CTPYKTYpH B Hac.

3aMiHa TOBapHHUX CKJIO-KEpaMIYHMX KyJbOK 3 IJIa/IKOI0 PIBHOMIPHOIO MOBEPXHEI0 Ha KYJIbKH,
o0po6sieni NH4F 3 mopcTkoro nmoBepxHero, He J1ae BUILE3ragaHoro egexry. Ilpu BukopuctanHi KyJabok
13 HIOPCTKOIO TOBEPXHEI0 1/1€ CTPYKTypHa 3MiHA KOHTAakKTy (y MOpPIBHSAHHI 3 KyJbKaMHU 3 TJIQJKOIO
MOBEPXHEI0) MK JABOMa KYyJbKaMHU B MOMEHT iX CHiByAapsHHS. 30UIbIICHHS IUIONII KOHTaKTy JBOX
KYJBOK, IO CHIBYAApsIFOTHCA 1, SIK HACTIJOK, 3HMKEHHS KOHIIGHTpAIlli eHeprii Ha OJMHMIIO TUIONI
MOBEPXHI yJapy HE CHPHUUYUHSE JIOKAIbHY MEXaHIYHY [0 Ha YacTHHKY Kartamizartopa. Cuna ynapy B
[[bOMY BHIAJKy HEIOCTATHS IS MEXaHOAKTHBAIll e(peKTHBHOI q00aBKM Kartamizaropa in Situ (puc. 3,
KpuBa 5, 30Ha II).

PesynbTaTi aKTUBHOCTEH MEXaHOAKTMBOBAHOTO KaTali3aTopa B MOPIBHSAHHI 3 MPOMHUCIOBHM 3
TOYKHA 30pH HOT0 MPOTYKTHBHOCTI 3a METAaHOJIOM, KOHBEpCii BHXIAHOT CHPOBHHM 3a BYIJICIIEM Ta
CEJIEKTUBHOCTI B 3aJIC)KHOCTI BiJl TEMIIEpATypH MPeICTaBlIeH] Ha pUC. 5.

Puc. 4. Cxema axTuBaIlii 4acTOK KaTajizaropa in Situ y MDXKYJIBKOBOMY MPOCTOpi Mmija yac BiOparii peakropa
3a[l1]

3riIHO 3 HaBeJACHUMH Ha pHC.5a, 0 JaHWMMHM, MaKCUMajbHI 3HAYCHHS TMPOIYKTUBHOCTI
KarajizaTopa Ta KOHBepcii BHUXIHOT CHPOBHHM B METAaHOJ JJs TPaHyJIbOBAHOTO KaTali3aTropa
nocsraroThes 3a Temrepatypu 240 °C, a iHimitoBaHHs peakiiii BimOyBaeThes 3a temrepatypu 200 °C.
MexaHoXiIMIYHA aKTHBAIlig KaTajli3aTopa Ha €Tamli NPUTrOTYBaHHS KaTaJiTUYHOI CHCTEMH CIIpHUsIE
3HWKCHHIO WX TeMIepaTypHux noka3HukiB Ha =~ 20 °C (pwuc. 5 a, 0, kpusi 2, 3). CTaObiTbHII aKTUBHUH
CTaH KaTajlizaTopa B BiOpopexuMi 30epiraeTbcst B iHTepBaim Temreparyp 210-240 °C. Bigomo, 1o
katamizatop CHM-VY Bojojgie MakCUMaabHOK aKTUBHICTIO TIO BiJHOIICHHIO /10 YTBOPEHHS METaHOIY
npu temneparypi 260 °C. IlpoBeneHHS KaTamiTHYHHX AOCTIDKEHb MPU HUXKYHX TeMmIlepaTypax 3i
30epeXEeHHSIM aKTUBHOCTI KaTayli3aTopa 10 YTBOPEHHS IUIBOBOTO MPOAYKTY 3MEHIIYE BipOTiAHICTH
MeperpiBy akTUBHOTO MIJTHOTO KOMIIOHEHTA KaTajli3aTopa ¥ MoAabIIoi HOTo Je3aKkTuBarlii. 3A1iCHEHHS
MpoIecy KOHBEPCii CHMHTE3-Ta3y 3a TeMIlepaTyp, M0 NEPEeBUIIYIOTh onTuMmanbHy (Buiie 240 °C),
MPU3BOJIUTH JI0 3POCTAHHS MIBHAKOCTI MOOIYHUX peakIliii, 30KpeMa, METaHOyTBOPEHHS Ta, BIJIMOBIIHO,
N0 3HWKEHHS CTyNeHs KOHBepCii BHUXIJHOI CHPOBUHM B METAaHOJI Ta CEJIEKTHUBHOCTI MpOLECy
(puc.56,B8). 3a Ttemmeparypum peakmii 220 °C  aOGCoNIOTHI  3HAYEHHA  MPOJAYKTHBHOCTI

Catalysis and Petrochemistry, 2024, 35



26 Kamaniz ma nagpmoximia, 2024, No35

MEXaHOAKTUBOBAHOTO KaTali3aTopa, aAre30BaHOro Ha KyJbKax, mpubau3Ho Ha 50 % BuIli 3a BiAMOBIIHI

JaH1 71 IPOMUCIIOBOTO (pHC. 5 a).
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Puc. 5. TemmeparypHa 3aeXHICTh MPOIYKTHBHOCTI KaTalli3aTopa 3a METAHOJIOM (a), KOHBEpCii CHHTe3-Ta3y 3a
Byrieriem (0) Ta cenektuBHOCTI (B): 1 — NpOMUCIOBMIA KaTajli3arop y CraiioHapHOMy tapi; 2-4 —
MEXaHOAKTUBOBAaHMI Katanizarop y Biopopexumi (f =5 ['m): HaHeceHuid Ha KyJIbKU 3 OAHOPIAHOIO THankoro (2) i
HEOAHOPIAHOIO (3) MOBEPXHEI0; HAHECEHUI Ha KYJIbKH 3 OAHOPIAHOIO HoBepxHeto y mpucytHocTi 0.1 % mobaBku
katanizatopa (4) (P = 0.1 MITa, U = 11000 rox %)

BrnuB gpyroro crnoco0y MexaHOaKTHBAIlli Ha MOKAa3HUKHU KaTaJIITHYHOTO MpOIECy BiloOpaxkae
3anexHicTh 4 Ha puc. 5. B ymoBax BiOpalii peakTopa mpu 31TKHEHHI KyJbOK B1I0YBa€ThCs J10/1aTKOBA
in situ axTuBamis 100aBKM KaTaiizaropa, sika Oyjga BHECEHa B peakmiiHuii mpoctip. HeoOxigHoro
YMOBOIO ICHYBaHHS TaKOro THWIly aKTHBallli € BUKOPHUCTAaHHS HOCIS 3 TJIAJIKOI0 TOBEPXHEI0, IO
3a0e3neuye MaKCUMallbHY CWJIM yAapy Ha YacTKM BHECEHOTO KaTajli3aTopa B YMOBaxX NpPOBEICHHS
KaTaJITUYHUX JOCTIIKEeHb. 30KpeMa, IpU BUKOPUCTAHHI MOJAM(IKOBAHUX CKIIO-KEepaMIYHUX KYJIbOK 3
HEOHOPITHOIO MOBEPXHEI0, aKTUBAIIll Kaji3aTopa in situ He CrocTepiragock. Pe3ynbratu gocimipKeHHs
aKTHBAIIl IN SitU T03BOJISIOTH MPEJICTABUTH J0aTKOBO BHECEHY HABAKKY KaTalli3aTopa K «e(eKTUBHY
no0aBKy». 3a HasIBHOCTI e(eKTHBHOI J00AaBKM 3a ONTHMAJIBHUX YMOB TIepediry mporecy
NPOAYKTUBHICTh KarajizaTtopa INSitu B 2-3pasu MepeBHINyE MPOIYKTHBHICTH MPOMHCIOBOIO
KatayizaTopa. BianmoBigHoO, 3pocTae KOHBEPCisS CHHTE3-Ta3y B METAHOJ Ta CEJICKTHUBHICTH 3a IIJTbOBUM
poykToM (puc. 5 0, B).

BrumiB edexkTuBHOT 100aBKM Ha TOKA3HUKH TIPOIECY 3MIHIOETHCS B 3QJIEKHOCTI  BiJ
CHEPreTUYHOTO0 HABAaHTAXKCHHS HAa KaTaJITUYHY CHCTeMy (YacTOTH KOJIMBaHb peakropa) In Situ, mio
HAOYHO BHJIHO 3 puc. 6.
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Puc. 6. 3anexHiCTh NMPOMYKTUBHOCTI KAaTANITUYHOI CHCTEMH 32 METaHOJIOM, PO3PaxOBaHOI Ha 3aralibHy Macy
KarajizaTopa B peakTopi (YOpHH Mapkep) Ta Ha Macy e(peKTHBHOI J0OaBKM KaTamizaropa (Cipuii mMapkep), Bil
gacToTH BiOpanii peaxropa (P =0.1 MITa, t =220 °C, U =11 000 rox ). Puc. 4. 3anexHicTb 3araipHoi (40pHHMit
MapKep) Ta po3paxoBaHOoi Ha Macy e(ekTHBHOI [00aBKM Karamizaropa (Cipuii Mapkep) MpPOIYKTUBHOCTI
KATaIiTHYHOI CHCTEMH 3a METAaHOJIOM BiJ| yacToTH BiOpauii peaktopa (P = 0.1 MITa, t = 220 °C, U = 1.1-10° rox ?,
MoJbHe criBBigHomenns Hy : CO = 4.0, smict CO2 — 4 %)

OnTuManbHOIO BUSABHIIACH YacToTa BiOpamii peakropa 5 I'n. [Ipu onTumanbHii yactoTi BiOpaii
peakTopa 3HAYEHHS NTPOAYKTHBHOCTI, BITHECEHE 10 Macu eQeKTUBHOI J00aBKM KaTaizaTtopa, 3a
temnepatypu 220 °C mpu onTUManbHIM 9acToTi BiOparii peakropa craHoButh 1.5 T CH30H/(rxarrom)
(puc. 6), oo BiAmoBigae mpoayKTuBHOCTI Katanizaropa CHM-Y B mpoOMHCIIOBHX YMOBaX 3a TEMIIEPATyp
220-260 °C mig tuckom 9.0 MIla (ciuenb-TpaBens 2001 poky, dipma «Ansiro», CeBepomonensk) [12].

CkiaJ; TIOBEpXHEBMX HAHOYACTOK, SIK BIJIOMO, HE BIJMOBIIa€ CTEXIOMETPUYHOMY CKIIATY
XIMIYHUX CIIOJIYK B 00’€Mi — Ha IMOBEpXHI HAHOYACTOK BHHUKAE AaTOMHA PEKOHCTPYKIliS Ta HOBUH
NopsiIoK posranryBaHHs atomiB [8, 9, 13]. Came 3MiHOIO CTPYKTYpHHUX Ta €JIEKTPOHHHX BIACTUBOCTEH
noBepxHi e(eKTHBHOI HOOABKM KaTalizaropa, WMOBIPHO, MOSICHIOETHCS OTPHUMAaHUN e(eKT pi3Koro
3pOCTaHHs HOTO MPOAYKTUBHOCTI.

CyTTeBe 3pOCTaHHS MPOMYKTUBHOCTI KATATITUYHOI CHCTEMHU TPHU HASBHOCTI B HIH YacTOK
Karajizaropa y BUTJISL a€PO30I0 CIIOCTEPITalioch B poboTax [3], aBTOpH SIKUX MOSICHIOIOTH 1eH eeKT
YTBOPEHHSIM aKTUBHHX HAHOYACTOK aepo30iI0 KaTajizaTtopa po3mipom 10 HM 1 MeHImIE Ha Mexi
CTHKaHHS KyJbOK Mija Yac yaapy (puc. 4). Bimomo, 1m0 3MEHIIEHHS! pO3Mipy CTPYKTYPHUX €JIEMEHTIB
cucremu Hik4e 100 HM TPU3BOAMTH A0 HEOWiKYBaHOI pi3KOi 3MiHM HE JIHMIIE TEOMETPUYHHX, ajie i
SNIEKTPOHHKX BIIACTUBOCTEH [14].

EnekTpoHHO-MIKpPOCKOMIYHE TOCTI/KEHHS IMOKAa3aJo, [0 PO3Mip YacTOK y MPHUIIOBEPXHEBOMY
mapi karamizaropa 3menmyetbes 3 200-2000 M (1o mouaTky KaTanmiTHuHOi peakuii) g0 30-200 Hm
(micnst  3mificHeHHs peakmii B ymoBax BiOpospimkeHHs). [licias KaTamiTHYHUX — JTOCTIIKEHb
CTIOCTepiraeTbcst 3MiHa MOpPQOIOTii MOBEpXHI MEXaHOAKTHBOBAHOTO Karamizatopa 3 (GOpMyBaHHIM
MEBHOI yMOPSAKOBaHOI CTpyKTypu (puc.7). Ha 3MiHM B KpUCTaNi4HIA TpaTii MPOMHCIOBOTO
Kartajizaropa Ticis HOro MeXaHOAaKTHBAIlll NUIIXOM MEXaHIYHOTO 3CYBY BKa3ylOTh PEHTTEHIBCHKi
miudpakrorpamu (puc. 8). 3cyB HepIIuX JBOX HAHOUTBII IHTECHCHBHUX IIKIB JJISI MEXaHOAKTHBOBAHOTO
KarajizaTropa B MOPIBHSIHHI 3 MPOMHCIOBUM MOXKE OyTH 0OYMOBJICHUI 3MIHOIO MIKITIOIUHHOI BiJICTaHI

B KPHUCTAI.
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Puc. 8. [udpaxrorpamu npomuciosoro (1) Ta MmexanoakTuBoBaHoro (2) xaraiizaropa CHM-Y

VY BuUmagky, KOJM KaTaJiTUYHUM MpoIec 3a ONTUMaIbHOI Temreparypu KOMOIHYeThCS 3
MEXaHOXIMIYHOK aKTHUBAIli€l0, IOCTIHHO T'EHEepYeThCS CBIKOYTBOpPEHA IOBEpXHs KartajizaTopa 3
neekTaMu CTPYKTYpH, Ha sIKili 3pocTae KOHIEHTpAIlis MPOBIAHUX akTUBHUX MeHTpiB Cu’ peakiii
YTBOPEHHS METAHOJy 3 MOHOOKCH/TY BYTJIELIO, BHACIIIOK YOTO 3pOCTa€ aKTUBHICTh KaTallizaTopa.

I'pannyHi TeOpETUYHI 3HAUEHHS MPOJYKTUBHOCTI 32 METAHOJIOM B PeaKIlii KOHBepcii CHHTE3-Ta3zy
B 3aJIE’KHOCTI BiJI TeMIepaTypu HaBeJleH1 Ha puc. 9 (kpusa 1).

I1i maHi po3paxoBaHi uyepe3 KOHCTAaHTH pIBHOBaru peakuii yrBopeHHs Metanoiny i3 CO 1 H,
BH3HAYEHI 3 YpaxyBaHHAM acolliauii MOJeKyJa MeTaHoily y napoBiit ¢asi [15]. Teoperuuni 3HaueHHsS
IPOAYKTUBHOCTI TOPIBHIOIOTbCA 3 OJEPKAaHUMH EKCIIepUMEHTaIbHO JuId Kartamizatopa CHM-VY vy
pizHoMy craHi. lle rpaHyibOBaHMI KaTami3aTop y CTaliOHApHOMY IIapi TpyO4yacToro peaxropa
(kpuBa 2); momepeAHbO PO3TEPTHH KaTami3aTop, HAHECEHHH Ha CKJIO-KepaMidHi KyJbKH, 0OpoOieHi
posunHomM NHA4F, y BiOpopeaktopi 3 yactotoro BiOpamii 5 ' (kpuBa 3); momepeqHbO PO3TEPTHIA
KaTani3aTop, HaHECEHUH Ha HeoOpoOJieHI CKIO-KepaMidHi KyJdbKu Oe3 mo00aBku (BiOpopeakTop,
yacrtora 5 'l — KpuBa 4); monepeaHbO PO3TEPTUI KaTalli3aTop, HAHECEHUH Ha HeoOpoOJieHI CKIIo-
KepaMiuHi KyJbKH 3 e(eKTUBHOIO 100aBKOIO KaTalli3aTopa B yMOBax BiOpalii peakropa 3 4acToToro 5 '
(kpuBa 5).

3anexHicTh 5 (puc. 9) MiATBEpIKYE CKA4OK MPOAYKTUBHOCTI [uIs €(EeKTHBHOI J00aBKH
KaTtajizaropa 3a yMOB BiOpalii peakropa B YCbOMY JAOCHIDKyBaHOMY IHTepBaji Temieparyp. [lpu

Catalysis and Petrochemistry, 2024, 35



Kamaniz ma nagpmoximia, 2024, No35 29

220 °C 14 3aJeXHICTD IS KATATITUYHOT CUCTEMH MPAKTHYHO JTOCATAE MAKCHMAIBHOT TEPMOIMHAMIYHO
iiMoBipHOi BenmuuHH. [IpomuciIoBHii TpoIiec CHHTE3y METAHOJy Ha TpaHyJIhOBaHOMY KaTallizaTopi
CHM-V mnposiBnsic MakCcUMalIbHy akTUBHICTH B Mexax 240-260 °C npu Bucokux tuckax (5.0-10.0 MIla).
B nammx ymoBax temmepatypa 220 °C € ONTUMaJIbHOIO JJIsi CHHTE3y METaHOJly Ha HAHECEHOMY
karamizaropi (puc.9, xpusi 3-5). CraOinpbHMI aKTHBHMHA CTaH Kartaji3aTopa y BiOpopeakTopi
30epiraeTscs B Temneparypaomy intepBaiti 210-240 °C, mo YHEMOKIIUBIIIOE TEpErpiB Karaizaropa, B
TOH Yac sIK Ui TpaHyJbOBaHOIO KaTtanizaTopa (KpuBa 2) crocrepiraeMo MakcumyM npu 240 °C 1 pizke

NaJIHHS BUILE LI€T TEMIIEpaTypH 3 MIMOBIPHICTIO IIEPErpiBY Ta JI€3aKTUBALl] KaTani3aTopa.
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Puc.9. ewmmeparypHa 3aleXHICTh NPOAYKTHBHOCTI Kartanmizatropa CHM-Y 3a armocdepHoro tucky: 1 —
TEOPETUYHA TeMIIepaTypHa 3aJIC)KHICTh MPOAYKTHBHOCTI; 2 — TPaHyJIbOBaHUH KaTali3aTop y CTalliOHAPHOMY MIapi
TpyO4yacToro peakropa; 3 — TONEpEIHBO PO3TEPTHH KaTali3aTop, HAHECEHWH Ha CKJIO-KepaMiuHi KYJIbKH,
00po0ieni pozunHoM NHyF, y BibpopeakTopi 3 uacrororo BiOpauii 5 I'n; 4 — monepeqHbo po3TepTuil Karaiizarop,
HaHECeHHW Ha HeoOpOOIIeH] CKI0-KepaMiuHi KylbkH (BiOpopeakTop, yactota 5 ', 6e3 nob6aBkn); 5 — momnepeHbp0
pO3TEepTHiA KaTaji3aTop, HAHECCHHWU Ha HEoOpoOJIeHI CKIIo-KepaMmivuHi KyJlIbKH 3 e()EeKTUBHOIO T00aBKOIO
KaTaJlizaTopa B yMOBax BiOpauii peakTopa 3 yacToToro 5 'l
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Bucnoerxu
Pesynbratu JTOCIII JKEHHS BILTUBY MeEXaHOaKTUBALIl1 MIPOMHCIIOBOTO MIIb-I[MHK-

amoMooKcuaHoro Katanizaropa CHM-Y nmoka3zanu, mo MexaHidHa o0poOka Moxke OyTH 3aCTOCOBaHA SIK
OJIMH 13 CMOCOOIB aKTWBAIlli KarajizaTopa, IO CHPHYMHSE 3HKEHHS TEMIEpaTypH IHIIIFOBaHHS
KOHBepCii CHHTE3-razy Ta TeMIepaTypH MaKCHMaJbHOI MpPOAYKTUBHOCTI. CTBOPEHHS YMOB st
MeXaHOAKTHBAIlil KaTajizaropa INSitu mo3Bojsie 3a aTMOC(EPHOrO THUCKY OCATTH TOKAa3HHUKIB,

XapaKTCPHUX JIA S,HiﬁCHeHHH mpouecCy O0ACPKaHHA MCTAHOJIY 3a BUCOKHUX THCKIB.
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Activation of the industrial copper-zinc-aluminum catalyst
for the production of methanol

Nataliia Y. Khimach !, Svitlana L. Melnykova %, Mykhailo M. Filonenko 2,
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50 Kharkivske shausse, Kyiv, 02160, Ukraine, e-mail: himyla@gmail.com

2 National Pedagogical Dragomanov University

9 Pyrohova Str., Kyiv, 01601, Ukraine

It was first established the influence of mechanochemical activation of copper-zinc-alumina oxide catalyst
on the structure and morphology of its surface, mechanism, and principles of carbon oxides hydrogenation
reaction within a wide temperature range at atmospheric pressure. Catalytic investigations were carried out in the
laboratory unit with a gradient-free catalytic vibroreactor. It was revealed that mechanochemical treatment of
copper-zinc-aluminum oxide catalyst before catalysis can reduce reaction initiation temperature and optimum
temperature synthesis by 20-30 °C. At the same time, pre-machining of the catalyst provides increase its
productivity by 50 % in comparison with the granulated catalyst. It was established that only effective additive of
the powdered catalyst can be subjected to in situ mechanochemical activated. Investigation of the in situ catalyst’s
activity depending on the frequency of physical percussion showed that an optimal vibration of reactor
corresponded to the frequency 5 Hz. At this frequency, the catalyst productivity per mass unit of the effective
catalyst addition introduced into the reactor was 47 mmol CH3OH/(geat-h) at temperature 220 °C and under the
pressure 0.1 MPa. This two and a half times more than the value obtained at the industrial conditions at 240 °C
and 9.0 MPa (January — May 2001, “Alvigo” company, Severodonetsk city, Ukraine). Total catalyst’s
productivity under the frequency of vibration reactor 5 Hz is 4.5 mg CH3OH/(gca'h). This is 2-3 times greater than
the corresponding data for the granulated catalyst in a static mode. The increase of the catalyst activity under
mechanical stress is explored by the increase of concentration defects of a crystal lattice of the catalyst. A new
effective method for synthesis gas conversion into the methanol under conditions of mechanochemical activation
of the catalyst can be used in industry as an alternative to methanol production at high pressures.

Keywords: heterogeneous catalysis, in situ activation, copper-zinc-alumina catalyst, methanol synthesis
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KarajgiTnyHe OKMCHEHHSI ADOMATHYHHUX AJIbJEriliB HA
Se-moaudikoBaHuX MiKporeJsix

Amnacracisa C. IlaBawok, Boronumup B. IBaciB, Poman B. He6ecnuii

Hayionanvuuii ynisepcumem «JIv8igcoka nonimexuikay
eyn. Cmenana banoepu, 12, Jlvsis, 79013, Vxpaina, e-mail: anastasiia.s.pavliuk@Ilpnu.ua

Merta po0oTH moissirae B JOCTIIKEHHI KaTalmiTUYHOI aKTUBHOCTI Se-MOAM(DIKOBAaHMX MIKpOTENiB Y
nporecax rerepodasHoro OKMCHEHHS! apOMaTHYHUX anbAerifiB. B xoni mocmimxkens BunpoOyBaHo reTepodasHi
cucTeMd 3 00 €MHHUM CHIBBIIHOIICHHSIM OpTaHiYHWNA po3YMHHWK .Boma=1:4, 1:1, 4:1. JlociimkeHo
3aJIeKHICTh BUXOJy O€H30MHOT KHCIOTH Bij Temreparypu peakiii B intepsaii Bix 20 °C go 60 °C. BcranosieHo,
IO CHHTE30BaHi cesieH-MoAn(ikoBaHI MikporeneBi kaTtaiizaTopu 3 3D moniMepHOI0 CTPYKTYpOIO JO3BOJISIOTH
3abe3rmeunt Buxin OenzoiHOi kuciaotu 87.0 % (mpm cemektuBHOCTI 89.4 %) B mporeci rerepodasHOTro
OKHCHEHHSI OeH3aJbJerioy MepoKCHIOM BOJHIO MpH CIiBBinHOMmEHHI OeH3onm:Boma=1:1 Ta Temmeparypi
peaxuii 50 °C. JlocmipkeHo MPOIEecH KaTaliTUHYHOTO OKUCHEHHS HU3KH apOMAaTHYHHX allbJICTiiB: OCH3aIbaeri,
KOPHYHHUI albJeris, aHICOBUH ajbleril, BepaTpoBHH ampieriny y aABodasHii cHCTEMi OpraHiyHUI
PO3YMHHHUK/BOIA. B pe3ybTari OKHCHEHHS apOMAaTHYHUX aJIBIIETiAIB OTPUMAHO IiHHI MTPOIYKTH (hapMarleBTHIHOT
Ta KOCMETHYHOI TPOMHCIOBOCTi, 30KpeMa apoMaTH4yHi KUCIOTH, MEXiHON, TrigpokymapuH Ta 3.4-
nuMeTokcugenon. CuHTe30BaHi Se-BMiCHI MIKpoOreseBi KaTali3aTOpu JO3BOJIAIOTH 3a0€3MEYUTH M SIKi YMOBH
MIPOIIECY, BHCOKI TOKAa3HWKH BHXOAY 1 CEJEKTHUBHOCTI, IO O3BOJSAE MIABUMNIUTH €(OEKTHUBHICTH IIPOIECY,
3MEHIIIUTH BIUTAB Ha JOBKIJUISA, & TAKOXK ITIBHIUATH SKICTh KiHIIEBOTO MIPOIYKTY.

Knwouoei cnoea: xatanis, npolecH OKHUCHEHHS, rerepodazHi CHCTEMH, apOMAaTU4HI aJIbJeTiH,
MIKpOTeJIeBl KaTani3aTopu

Bcmyn

[Tporiecu OKHCHEHHS BIAIrparoTh KJIIOUOBY pOJIb K y 0araTOTOHHIM XiMIYHIN NMPOMHUCIIOBOCTI,
Tak 1 y BUPOOHHMITBI BHCOKOYHCTUX NPOAYKTIB (papmaneBTuuHOi Ta XapuoBoi ramysi [1]. Hwuska
BOXJIMBUX XIMIYHMX PEUYOBHH OTPUMYETHCS LUIIXOM OKHUCHEHHS OPraHIYHUX CIOJNYK, 30KpeMa Taki
apOMAaTUYHI aJbJeriu K OCH30MHUM, KOPUYHMIA, aHICOBUI Ta BEpaTPOBH ajbJIerili BUKOPUCTOBYIOTh
K BHXIJHI CHOJYKHM Al CHHTE3y apOMaTHMYHMX KHUCIOT, CIMPTIB, (hapMaleBTUUHUX Mpenaparis,
apoMaru3aTopiB 1 0apBHUKIB. OKMCHEHHS TaKOX 3aCTOCOBYETHCS Y BUPOOHUIITBI aUIIIHOBOI KHCIIOTH,
Karposakramy, (eHolay Ta TepedTraneBoi KHCIOTH, SIKI € OCHOBOIO JUId BHPOOHMITBA IUIACTMAC,
BOJIOKOH 1 ITiBOK. LI mponiecu 3a6e3neuyoTb OTpUMaHHs CUPOBUHHU JUUIsl CTBOPEHHS IIHPOKOTO CIIEKTpa
KIHIIEBUX TPOIYKTIB, BiJl OyJIIBEIbHUX MaTepialiB /IO JIKAPChKUX MpENapariB, MO € KPUTHIYHUM IS
0aratbox ramy3eil eKoHoMikH [2,3].

OpHak, Ha CbOTO/IHI B IMPOMMCIOBOCTI YacTO 3aCTOCOBYIOTh OKHCHHMKH (JUXpomat/cynbdarHa
KHCJIOTa, OKCUJIU XpOMY, I€pMaHraHatr, OKCUAM OCMil0 abo XJIOpy Ta TSKKI METajH), BUKOPHUCTAHHS
SKMX COPUYMHSAE YTBOPEHHS BEJIMKOI KIIBKOCTI TOKCUYHHMX BIJIXOAIB, 1110 Ma€ HETaTUBHUMN €KOJIOTTYHUN
BIuB [4, 5]. Kpim Toro, peakiiii OKUCHEHHS B OLIBIIOCTI BUIMAKIB MIPOBOAATH 32 BUCOKUX TEMIIEPATYP
Ta, BIAMOBIIHO, 3 HU3HKOIO CEJIEKTHBHICTIO IIILOBOTO MPOAYKTY, L0 CTBOPIOE TPYIHOIII Y BiIIiNIECHHI
LIbOBOTO MPOJYKTY Ta, B Pe3yJbTaTi, 3HWKEHHA €(PEKTHBHOCTI BHUPOOHHUITBA B LIOMY. OCKIJIBKU
MPOJYKTH TOHKOT XiMil BUPI3HSIOTHCS TEPMIUHOIO HECTAOITBHICTIO, OUTBIIICTh CKIATHUX CTPYKTYPHHX
peakuiii HeoOXiqHO MPOBOJUTHCH B PiAKiN (a3l 3a cepelHIX TeMIepaTyp, U0 BUMAarae BUKOPUCTAHHSI
CHeIlaIbHAX KaTalli3aTopiB 3 BUCOKOIO aKTHUBHICTIO, XEMO-, PETio- Ta CTEPEOCENEKTUBHICTIO 32 M’ SIKHX
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yMoB peakiii. OCHOBHI 3aBJIaHHS BJIOCKOHAJCHHS MPOIECIB OKUCHEHHS C(HOKYCOBaHI Ha pPO3pOoOII
HOBHUX THIIIB KaTaji3aTopiB, BUKOPUCTAHHI €KOJOTIYHO OE3MEYHUX OKUCHUKIB, TAKUX SK IEPOKCH]L
BOJIHIO, Ta IPOBEJICHHI peakiiii B M IKMX YMOBaX 3 MiHIMAJIbHOIO KIJIbKICTIO TOOIYHUX MPOIYKTIB.

['ereporenHuii kaTajli3 MOXK€ BIJIIpaBaTH KIIOYOBY pPOJb y pO3pOOII EKOJIOTIYHO YHUCTUX
MPOIIECIB XIMIYHMX peakiiii y HadTOBIA Ta XIMIYHIA mpoMucioBocTi [6-8]. Ha croromni rereporeHHi
KaTaji3aTopd BUKOPUCTOBYIOTHCS ~ YaCTile 4Yepe3 YHCICHHI IMepeBarM HaJ TOMOTCHHUMH
KaTajizaTopaMu, Takl K JIETKICTb PO3JIJICHHS, pereHepallis Ta MOBTOPHE BUKOPUCTaHHS. 3 1HIIOIO
00Ky, TOMOT€HHI KaTali3aTopu 3a0e3NevyloTh BUILY JOCTYIHICTh 10 KAaTaIITUUYHUX LEHTPIB 1 BUCOKY
CEJICKTUBHICTh MPOAYKTY [9]. ANbTEepHATUBHUM MIIXO0M IS TIOJETIICHHS PO3IIJICHHS Ta OYUIICHHS
MPOJYKTIB € MPOBEACHHS peakilii y aBodazHoMy cepeqoBHII («BOIA-OJisD»), KOJU BHUXITHI PEareHTH
3HaXolAThCA B ONHIA ¢a3i, a npoayktu — B 1HIINA. OCKUIBKM OpraHiuyHi pPEYOBUHH, UIO
BUKOPHUCTOBYIOTHCSL SIK BUXI/JHI MaTepiaiu, HE PO3UMHSIOTHCS y BOJI, /Ul 1HTEHCHU(IKAIIl IHOTO THUILY
peaxuiif 4acTo BUKOPUCTOBYIOTHCS TIOBEPXHEBO-aKTUBHI peuoBUHU. [IpoTe HEO0I1KOM LIBOTO MiX0Y €
npobiemMa pO3JAITICHHS IMOBEPXHEBO-aKTUBHOI PEYOBMHHU 3 MPOAYKTOM 1 KaTaji3aTOPOM, a TaKOXK
MOXITUBICTB 11 MOBTOPHOT'O BUKOPUCTAHHSI Il HACTYITHOTO LUKy peakuii [10-12].

OTxe, BOXIMBAM HAyKOBUM 1 TEXHIYHHM 3aBJaHHSIM € pO3poOKa HOBOTO THUITy KaTalli3aTtopa,
KU MIr OM MO€JHATH TepeBaru reTeporeHHUX i TOMOTEHHHMX KaTaji3aTopiB. 30Kpema, Ha ChOTOJIHI
Oyno 3pobneHo Kilbka crmpoO (YHKIIOHAII3YBAaTH BYTJIEIEBI HAHOTPYOKH KAaTaiTUYHO AKTUBHUMU
TMUISHKaMH, TaKkuMH sK HaHodacTuHku Pt, Ru ta Pd [13, 14]. Oxgnak, He3BakalouM Ha Te, IO IIi
KaTali3aTopu JAEMOHCTPYIOTh OOHAIIMINBI Pe3yJIbTaTH, X KaTaIITUYHI XapaKTEPUCTUKH 3aITUINAIOTHCS
HE3aI0BUTBHUMU: KOHBEPCisl, CEIEKTUBHICTh 1 BUXiJ MPOIYKTIB peakiii Hu3bKi. Cepen HEeOMIKiB TaKUX
KaTaJIITHYHUX CHCTEM MOXKHA BHIUIMTH iX HU3bKY CTaOUIBHICTH, 3HIKCHHS KaTaJTITHYHOI aKTUBHOCTI
MICJIs KUTBKOX IMKIIIB 1 CKIIAHICTD pereHeparii 6e3 BTpaTH e()eKTUBHOCTI.

Bucoki nmepcnekTHBY BUKOPUCTAHHS MAarOTh TaK 3BaHI MiKporeneBi Karamizatopu. Mikporeni €
VHIKQIBHUMH CHCTEMaMH, W0 BIJIPI3HSAIOTHCS BiJA 3BHYAWHUX KOJOIMIB, TaKUX SK JKOPCTKI
HAaHOYACTUHKHU, THYYKI MaKpPOMOJIEKYJH, Mileian abo BE3WKYyJH. Binkpura cTpykTypa MiKporemiB
CTBOPIOE MOXIIUBICTH ISl TIOTJIMHAHHS 1 BUBUIBHEHHS! aKTUBHUX PEYOBUH, a TAKOXK CIIPHsI€ BUOIPKOBIH
iHTerpamii (QyHKIIOHAJBHUX E€JEMEHTIB, TaKuMX SK peakUiidHl rpymnH, 3apsaun abo Mapkepu, yepes
noctmoaudikaio. Ix yHikanpHa 30aTHICTS 36epiraT KONOiaHy cTabiIbHICTh i HAOYXaTH K y BOJ, TaK
1 B OpraHiuHMX PO3YMHHMKAX J03BOJII€ BUKOPUCTOBYBATH Pi3HI XiMi4HI PEYOBHHHU Al Moauixarii
MiKporesiB. 34aTHICTh MIKpOTeIiB 3MiHIOBATH CBOIO (hopMy Ta 00’€M y BiAMOBiAb Ha 30BHIIIHI (pakTOpH,
Taki SK TeMIleparypa, i0HHa cuja, ckiaa, pH, eleKTpoximiuHi CTUMYJH, THCK UM CBITJIO, JI03BOJISIE
THY4KO Ta OOOpPOTHO HaJATOBYBaTH ix (i3uko-ximiuHi BractuBocti [17, 18]. 3aBasku cBoii
YYyTJIIMBOCTI JI0 Pi3HUX CTUMYJIIB, MIKpPOT€Il MOXYTh, HAPUKJIAJl, PEryIIOBaTH CTaOUIBHICTh €MYJIbCIH,
0 € BaXJIMBUM B KOHTEKCTI rerepodasHux cucteMm. Padime MW TMOBIZOMIISIIM PO CHHTE3 i
XapaKTePUCTHKY CelIeH-MOAN(IKOBaHMX MikporediB 3 3D MONMEpHOI MEpEeKEeBOI CTPYKTYPOIO
MmikporeniB  PVCL (momi(N-BiHUIKanmposiakTam)) 3 €H3UMOIOAIOHOK AaKTHBHICTIO B IpoLECl
TOMOTEHHOTO OKMCHEHHSI aKpOJICiHY MEePEKHCOM BOJHIO. B pe3ysbTaTi MU OTpUMaIH aKpUIOBY KHCIIOTY
Ta METWJIAKpUJAT 3 BHCOKHUM BHXOJOM 1 celeKTuBHICTIO [19]. ¥V maniii po6GoTi MU JEMOHCTPYEMO
KaTaJiTUYHYy aKTUBHICTh CeJIeH-MOAM(]DIKOBAHUX MIKPOTETIiB y MpolLecax OKUCHEHHS apOMaTHYHHUX
anpJeriaiB B ABO(MA3HIA CHUCTEMi OpPraHiYHWNA PO3YMHHMK/BOJA JJIsl BUPOOHUITBA LIHHUX IMPOAYKTIB
(bapMareBTHYHOI Ta Xap40BOi MPOMHUCIOBOCTI.
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Excnepumenm

Mamepianu ma memoou

VYV Hamiid momepedHii poOOTI MU TMOBIIOMIISUIM PO CHHTE3 MIKpOTeNl0 Ha OcHOBI momi-N-
Binukanponaktamy (IIBXJI) 3i 3Buyaiinum 3mmBadeM N,N’-metunen0ic(akpwiamin) (BIS), 1.5 % morb, Ta
JMCENIeHITHUM 31HBadeM, 2 % MoJb, 1110 MICTUTh AuceseHinH gyHkuionanbHi pynu (Se2.0). AxtuBais
TaKOl KaTaTiTUYHOI CHCTEMH BinOyBajiacs MEPOKCHIOM BOIHIO Ta CYHPOBOKYBAIACsS PO3pUBOM Se-Se
CEJICHOBOTO 3MIMBaya 3 YTBOPEHHAM BIANOBIAHMX KaTamiTHuHO akTuBHMX rpyn [20]. Ilpomec
CYIIPOBOJPKYBaBCSL TICBHOIO 3MiHOKO Mopdoorii  katamizaropa (Mikporemo). Ilpu mopambmomy
BIOCKOHAJIEHHI Se-BMICHHX MIKpOTEJIeBUX KaTali3aTopiB  OyJO CHHTE30BaHO i30CeIeHa30JIbHUN
MikporeneBuii  karamizatop (iSe), Ha ocHoBi  momi(N-izonpomitakpunaminy) (pNIPAm) Ta
130ceneHa3onbHOro MoHOMepYy 3 3mmBadaMu BIS ta a-amino-3-rinpokcu-5-MeTnin-4-130Kca3omponioHOBOKO
kuciororo (AMPA). BMmict Se aHanoriyHuii 5K i B OMEPEIHIX KaTali3aTopax.

Sk peareHTH BUKOPHCTOBYBAJIM apOMaTHYHI albJeTinu: OEH3albIeTil, KOPUYHUN albIeTi,
aHicoBWi anpjaeriy, BepaTpoBuit ampaerin (99.9 % wu.m.a.), Across; mepokcun BoaHo (60 % 4.m.a.),
Across. SIk po3UMHHUKH BUKOPHCTOBYBAIHM OCH30JI, OKTAHOJ, eTHianerar, xyuopodopm (99 % u.n.a.),
Across. BunpoOoByBasin MiKpOTeleBUi KaTaai3aTop 3 JUCEICHIIHUM 3IIMBAaYeM Ta 130CEICHa30IbHUI
MIKpOTeNeBUil KaTani3aTop.

Jist  omiHKM 3maTHOCTI  Se-MoIM(IKOBAHOTO MIKPOTEN0 CTabuTi3yBaTH eMynbcil  OyIio

MIPUTOTOBAHO KibKa emyinbcill Oenzony (b) ta Bogu (B) 3 pisHMM 00'eMHHM CHiBBiIHOWIEHHAM (a3,
3okpema 4 :1;1:1Tal:4 (ymosHi nosHauenns b4B1, 51B1 b1B4 BiamoBigHo).
Peaxuito mpoBoamiIM B peakTopi MepioAnvHoi Aii 06’eMoM 25 MJI HpU MNOCTIHHOMY MepeMilllyBaHHI.
O06’em peaxiitHoi cyminti craHoBuB 2 mil. KoHuenTpanis katanizaropa, C = 4 mr/mi. Peakuiiiny cymimn
TOTYBajJHM 3 JOJAaBaHHSAM OPraHIYHOTO PO3YMHHMKA, apoMaTWU4YHOro anpaeriny, C =2 MMoib/mi, Ta
OKHMCHHUKa, BOJJHOT'O PO34YMHY MEPOKCUAY BOAHIO, C = 2.6 MMOJIB/MIL

PesynbraTi JOCHIDKEHb aHaNi3yBaJld METOAOM Tra3oBoi Xpomartorpadii Ha Xxpomarorpadi
Agilent 6890 3 kononkoro Restek Stabilwax-DA.

Pe3ynomamu ma ix 062060penns

HocnipkyBanu retepodasHe OKUCHEHHS O€H3alblerily, aHicalbleriy, BepaTpaibAerizy Ta

KOPUYHOTO aJIbJIETi/1y J10 BiINOBITHUX KUCJIOT:
@

c
~
©/ H +H,0, ©/ o ho
—_— 2
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[Tpomec rerepoda3HOTO OKHCHEHHS apOMATHYHUX QJIBJETiIIB 3MIHCHIOBAIM HA KaTaTITHYHUX
cucreMax Se-Moan(iKOBaHUX MIKpOTEIIiB.

[Tix wac mocmipKeHHsSI OKMCHEHHST OCH3aIBACTI Ty OyJio BUIIPOOYBaHO Pi3HI reTepodasHi CUCTEMH 3
00’€MHMM CIIBBIJHOIIEHHAM OpraHiyHUN po3uuHHUK :Boja=1:4, 1:1, 4:1. Peakuii nmpoBogunu B
iHTepBani Temrepatyp Bia 20 °C no 60 °C (puc. 1). Karanituuna akTUBHICTh MIKPOT€JIEBUX KaTali3aTopis,
MOJIU(IKOBaHUX Se, 3pocTae 31 30uIblIeHHAM TemmepaTypu peakuii g0 50 °C. Iloganblie miiBUIIEHHS
TeMITepaTypy TMPU3BOJNUTH JI0 3HIDKEHHS BHXOMY OCH30MHOI KHCIOTH. Lle Kopemoe 3 TepMOYyTIHBICTIO
MIKpOTeIIt0 y BoJl, a came mpu Temmeparypi Buiie 40 °C rigpoanHamMiuHui pajilyc MIKpOTreo Y BOJI B
2 pazu meHmi (91 um), Hix npu 20 °C (178 Hm), 110 MOXKe BIUTMBATH Ha qU(Y3il0 pEarcHTIB ycepeuHi
YACTUHOK MIKPOIeJI0 Ta HIBEJIIOBATH 3POCTAaHHS KIHETMYHOI HIBMIKOCTI peakuii 3 Temmneparyporo. [Ipu
3IACHEHHI PEaKIlii B CEpPEIOBHIII 3 BEJIMKAM HAJUIMIIIKOM BOJIM Ha Katamizatopi Se2.0, Buxij O€H30HHOI
kucinotu (puc. 2a) OyB JOCHTh HU3BKHM. lle sBHINE MOXXHA TOSICHUTH IHTIOYIOYMM BIUTMBOM BOJIU Ha
peakuii okucHeHHA. KpiM TOro, miJ 4Yac NpPOBEICHHS pEaKlii Bi3yaJbHO CIOCTEpIrasiocs 3HUKEHHS
cTabLIBHOCTI eMyJbeii Mikporento Se2.0 y Boji, [0 MOXe CIPUYMHUTH HOr0 0OMEKeHy AOCTYIHICTh IS
peareHTiB. Pe3ynbrat OKMCHEHHS OCH3albAEriy, OTpUMaHi Ha Kartaii3aTropi iSe, BUSBWIUCH CYTTEBO
KpalmMH y TIOpiBHSHHI 3 Katanizaropom Se2.0. HaiTh B peakuiitnux cucremax 3 HajumimkoM Boau (B1B1
ta b1B4), oTpMaHO BUCOKI OKa3HUKU BUXOY 1 CETIEKTUBHOCTI OeH30iHOI K1cioTu. Lle cBimunuTh mpo Te,
[0 Karamizatop iSe CHpHse MOKPAlIeHHIO CTaOLTBHOCTI eMyJbCii y BOJI, IO MO3UTHBHO BIUIMBAE HA
mu(y3il0 peareHTiB BCepeMHI YaCTWHOK Mikporemro. HaiiBumi Buxogu Oyno OTpUMaHO MpU
criBBigHOIIeHH] b4B1 3 BEeTMKIM Ha/UIUIIIKOM OpraHiqHOro po3unHHMKA (95.6 % Ta 97.0 % npu 50 °C Ha
Se2.0 Ta iSE karamizaropax BiamoinHo). [Ipu cmiBBigHomeHHi b1B1 Buxin OEH30MHOI KUCIOTH € JIEIIo
kM (85.0 % mpu 50 °C Ha 000X Kartaizaropax), OJHaK, 3aB/ISKA BHKOPHUCTAaHHIO CYTTEBO MEHIIOL
KIUJTBKOCTI OPTraHiYHOTO PO3YMHHHKA, 1€ CIIBBIJHOIICHHS MOXXE OyTH OUIBII ONTUMAJIbHUM 3 OTJIIIY Ha
MIEPCTICKTUBU 3HW)KEHHSI EKOJIOTIYHOTO BIUTMBY, MOJICTIIEHHS PO3IUICHHS TPOAYKTIB 1 IiBUILCHHS
0€e3MeYHOCT] PeaKIiifHIX YMOB.

100 100 -
Yo% a) B4B1 Yo% 6) B1B1

80 { ™Se2.0 miSe gp 4 MSe2.0 miSe
60 60 4
40 A a0

20 1

5 o
20C 0C 40C s0C 60 C W0C

20C nc s0C 60 C

100,0

Yo% B) F1B4

60,0 1

20,0 4

0,0
20C  30C 40C s0C 60 C

Puc. 1. a) BrumuB temnepatypu peakuii Ha Buxin Oen3zoriHoi kucnotH (Y), Ipu CIiBBiHOIIEHHI OEH301y 1 BOAU
4:1 (b4B1). Karamizarop - Se2.0 Ta iSe; 6) Brums Temmneparypu peakuii Ha Buxij 0eH30iiHO1 kuciaotu (Y), mpu
criBBigHOMEeHH]I OeH30my 1 Boam 1 : 1 (b1B1). Karamnizarop - Se2.0 ta iSe; B) B temmepaTypu peakinii Ha
BuXxig OeH3oiHOi kucnotu (Y), pu criBBigHOmEHHI Oen3ouny i Boau 1 : 4 (b1B4). Karanizatop - Se2.0 ta iSe
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EdexTuBHicTh MikporeneBux kataiizatopiB Se 2.0 Ta iSe TakoX JOCHIUKEHO B IHIIUX
PO3UMHHMKAX OKpiM OeH30i7y: XjJopodopM, eTWialneTar Ta 1-OKTaHOJI B EMYJbCisIX 3 BOJOIO 3i
CMIBBIAHOIIEHHSIM OPTaHIYHUN PO3YMHHUK : Boja 4 : 1 (puc. 2). B Takux peakuifHUX cCUCTeMax BUXiJ
OEH30IHOT KUCIIOTH € HW)KYUI MOPIBHAHO 3 cucteMoro 6enzon/Boaa: 70.9 % ta 80.1 %, na Se 2.0 Ta iSe
BIJNIOBITHO B cucTeMi xjopodopm/Bona; 53.6 % Tta 85.7 % — B cucremi ermmanerar/soaa; 25.5 % ta
91.8 % — B cucreMi 1-okranois/Boga. BaxxauBum € Toit (akT, Mo MikporeneBuil Katami3aTop iSe mokasye
BUILY €EKTHBHICTH B MPOIECI OKUCHEHHSI OCH3aBACTIAY B YCIX JTOCTIIKEHUX PEAKLiIHHUX CUCTEMAX, Y
MOpIBHSAHHI 3 MikporeneBuM Kartaiizatopom Se 2.0. Bucoka edexTuBHICTH iSe KaramizaTopa MOXKe
CBIIYUTH TIPO Te€, IO CTPYKTypa MIKpOTEII0, a CaMe HAasBHICTb 130CENEHA30JbHOI TPYIH, CYTTEBO
BILJIMBA€E HA MEepeOir TOCIiHKYBaHOTO TPOIIECY.

97
100.0 4 0 95.6
Y.% 91.8 i e 0
80.1 miSe
80.0 1 70.9
60.0 53.6
40.0 +
25,5
200 4
0.0 -
OKTAHOI xnopodopm CTHIALETaT DeH301

Puc.2. BmiuB npupoand po3urMHHUKAa Ha BuUXig OeH3oiHoi kucinotd (Y). CHiBBiAHOLIEHHS OpraHiYHUN
po3unHHUK : Boja = 4 : 1. Temmeparypa peakuii - 50 °C. Yac peakii — 8 rog

B po60Ti Takox MOCHTIIKEHO OKHCHEHHS 1€ KITBKOX aJIbJIET1/IIB — KOPUYHOTO, aHICAJIBIETITY Ta
BepaTpalpAerily B peakiiiHiii cuctemi Oen3on/Bona (4 : 1), NpoIyKTH OKUCHEHHS SIKHX MalOTh BHCOKY
I[IHHICTh B XIMiYHIH MPOMHUCIOBOCTI (puc. 3). Se-MiKporesieBi KaTani3aTopyd € aKTUBHHUMH B OKHCHEHHI
KOpPUYHOT'O, aHiCaJbJEerily Ta BepaTpajblerily, aje Ha BIIMIHY B OKHCHEHHS O€H3aJbJeriny,
3a0e3MeuyroTh JeI0 HUKYY CEJIEKTUBHICTh YTBOPEHHS BIAMOBIAHUX KUCIIOT, IPOTE CIIPHUSIFOTh YTBOPEHHIO
IHIKX [[IHHUX MTPOIYKTIB TOHKOT'O OpraHiyHOro cuHTe3y (Tadi. 1).

Taonuusa 1. TIpoaykTy OKHMCHEHHsS apOMATHYHUX ajbJCTINIB Ha KaTANITHYHAX CHCTEMax Se-Moan(ikoBaHHX
MiKporeniB

. Y, % Y, %
ATBICTI Hpoaysr 1 Se2.0 | iSe Tpoayxr 2 Se2.0 iSe
Kopwanmii anpaerin Kopwuana kucnora 29.8 12.0 I'iapoxymapux 9.8 6.7
AmHicanpaerig AHicoBa KuciIoTa 285 11.6 MexiHon 35.2 5.6
. 3,4-
Bepatpanbuerin Bepatpoga kuciora 0.9 11.2 S — 39.0 26.5

OKUCHEHHSI KOPUYHOTO albJeriay 3a0e3nedye BUXiJ KOpUYHOI kuciaotu 29.8 % Ha katamizaTopi
Se2.0 ta 12.0 % nHa xatanizaropi iSe. Kpim Toro, ofep:xano noOGiuHui MPOAYKT TiAPOKYMapuH, IIHHUNA
CBOIMHM aHTHOKCHAAHTHUMHU, POTU3AMAIBHUMH Ta aHTUMIKPOOHHMH BIIACTUBOCTSIMHU, III0 POOHUTH HOTO
KOPUCHHUM Y (apMakoJIorii Ta KOCMeTHYHiH rany3i. OKUCHEHHS! KOPUYHOTO alibJErily 3a0e3nedye BUXif
rizpokymapuny 9.8 % Ha karamizaropi Se2.0 ta 6.7 % Ha kaTamizatopi iSe. B mporeci okMCHEHHS
aHicaibaeriny ogepxano 28.5 % Ta 11.6 % aHicoBOi KMCIOTH Ha MiKporeieBux kartaiizaropax Se2.0 ta
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iSe BimmoBimHo. Kpim ToOro, oiepkaHO MEXiHOJ, IIHHMH NPOIYKT KOCMETWYHOI ramysi, 35.2 % Ha
karamizaropi Se2.0 ta 5.6 % Ha kartamizaropi iSe. OKHCHEHHSI BEpaTpajblIeriny, 3 IHIIOTO OOKY, Maiike
HE JaJ0 BepaTpoBOi KHCIOTH Ha MikporeineBomy kartamizatopi Se2.0 (Buxim 0.9 %). OcHOBHUM
npoaykroM OyB 3,4-auMeTOKCH(DEHON, BIIOMUNM CBOIMH AHTHOKCHUIAHTHUMHU Ta AHTHUCENITUYHUMU
BJIACTHBOCTSIMH, I[IHHUH y (apMameBTHIll Ta KocMeTHuHid ramy3i (Buxin 39.0 %). Ha karamizaropi iSe
OTpHMaHO BUXix BepaTpoBoi kuciotu 11.2 % Ta 26.5 % 3,4-numerokcudenoiy. 3araiom, MU MOKEMO
CIOCTEpIraTd, 3HWKEHHS CEJEKTUBHOCTI KHCJIOTOYTBOPEHHS 13 pOCTOM KUIBKOCTI 3aMICHUKIB B
apoMaTHYHUX anpaerizax. KpiM Toro, oKMCHEHHs BEpaTpOBOrO albJETrily /10 BEpaTPOBOi KHUCIOTHU €
CKJIQJIHUM 1 IPOTIKAa€ 3 yTBOPEHHSIM BEJIUKOI KUIBKOCTI MOOIYHHUX MPOAYKTIB. Lle MoxkHa moscHUTH
0COOJIMBOCTSIMU HOTO MOJIEKYJISIPHOI CTPYKTYPH, 30KpEMa HAsIBHICTIO ABOX 3aMICHUKIB MEPILIOTO POAY
(METOKCH-TpYT), PO3TAIIOBAHUX y Mapa- Ta METANOJOKCHHIX. 3aBISKH MM 3aMICHUKAM BiJI0yBa€ETHCS
3pOCTaHHS €JIEKTPOHHOI LIUIBHOCTI B MOJEKYJ, L0 MNPU3BOJIUTH 1O MIABUILEHHS ii peakiiiHoi
31aTHOCTI. SIK HaciiAoK, 30UIbLIYEThCS LIBUIKICTH Mepediry peakxijiii, oJHaK 1€ TaKOK BIUIMBA€E Ha
PO3LIMpPEHHs BapiaTUBHOCTI ii mepediry.

97.0
100.0 - 95,6
Y.%
80.0 1 iSe
Se2.0
60.0
40.0 4
29.8 28.5
20.0 1 12,0 11.6 11.2
0.9
0,0 -
KopuHa k-ta AHICOBa K-Ta Beparposa k-Ta Benzofina k-Ta

Puc. 3. BrumB akTHBHOCTI MIiKpOTeneBHUX KaTali3aTOpiB Ha BUXiJ apOMaTHYHHUX KHCIOT. CriBBiJHOIICHHS
6enzon : Boga = 4 ! 1. Temnepartypa peaxuii — 50 °C. Uac peaxkuii - 8 rox

Bucnoexu

B pesynbraTi AOCHIIKEHHS KATATTUYHUX CUCTEM Se-MoAM(iKOBAaHMX MIKporemiB, OyIo
3po0JIECHO BHCHOBOK TIPO T€, IO CHHTE30BaHI Se-BMICHI MIKpOTeli SBIAIOTECS €(PEKTUBHUMHU
KarajizaropaMu reTepoa3HOT0 OKUCHEHHS HU3KH apOMAaTHYHUX aJIbJETiNiB, a came OCH3aJIbJETiny,
KOPUYHOTO aJIbJIETiTy, aHiCaIbJICTiAy Ta BEpaTpasbleriay. 3aCTOCyBaHHS Se-BMICHUX MIKPOTeEIIeIeBUX
KaTaii3aTtopiB 3a0e3nedye BUCOKHMX IOKAa3HHMKIB BUXOAY 1 CEJIEKTHBHOCTI apOMaTHYHHX KHCJIOT Ta
IHHUX MPOJYKTIB TOHKOTO OPTaHIYHOTO CHHTE3Y (B PE3YJbTaTi AOCHIHKEHb OJIEPKAHO TaKi CIIOMYKH K
TiIpOKyMapuH, MexXiHoJ, 3,4-AMETOKCH(EHOI) 32 M SKUX YMOB PEaKilii, 3 BUKOPHUCTAaHHSM BOJHOTO
PO3YUHY TIEPOKCUIY BOIHIO SIK €KOJOTIYHO OE3MEeYHOro OKMCHUKA. B X0/l mociimkeHb BHIPOOYBaHO
pi3Hi rerepodaszHi cucTeMu 3 00’ €MHUM CITIBBITHOIICHHSIM OpraHIYHWA PO3YMHHUK : Boma=1:4,1:1,
4 :1. BcraHoBieHO, 10 Se-BMICHI MIKpPOT€JIEBl KaTali3aTOPH JIEMOHCTPYIOTh BIJIMIHHI BJIACTHBOCTI
pEryJIIOBaTH CTAOUTBHICTh €MYJIbCIH OpraHIYHWNA PO3YMHHHUK/BOJNA, IO € BAXKIMBUM B KOHTEKCTI
rerepodazHuX CUCTEM. 30KpeMa MIKpOTEJIeBHI KaTami3aTop ISe 103BOJIsE OTPUMATH BHXi OCH30MHOT
kucnotu 87.0 % (mpu cenextuBHOCTI 89.4 %) B mporeci rerepodazHOro OKMCHEHHS OCH3aIbACTiTy
MEPOKCUIOM BOJHIO B peakmiiHid cucremi OeH3o0i/Boma y cmiBBigHOmeHHI 1:1 mpu Temmeparypi
50 °C.
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Catalytic Oxidation of Aromatic Aldehydes on Se-Modified Microgels

Anastasiia S. Pavliuk, Volodymyr V. Ivasiv, Roman V. Nebesnyi

Lviv Polytechnic National University
12 S. Bandera Str., Lviv, 79013, Ukraine, e-mail: anastasiia.s.pavliuk@Ipnu.ua

The aim of this work is to investigate the catalytic activity of Se-modified microgels in the heterogeneous
oxidation of aromatic aldehydes. The study tested heterogeneous systems with organic solvent-to-water volume
ratiosof 1:4,1:1,and 4 : 1. The dependence of benzoic acid yield on reaction temperature was examined across
a range from 20 °C to 60 °C. It was established that the synthesized selenium-modified microgel catalysts with a
3D polymer structure enable a benzoic acid yield of 87.0 % (with selectivity of 89.4 %) in the heterogeneous
oxidation of benzaldehyde with hydrogen peroxide, at a benzene-to-water ratio of 1 : 1 and a reaction temperature
of 50 °C. The catalytic oxidation processes Of several aromatic aldehydes — benzaldehyde, cinnamaldehyde,
anisaldehyde, and veratraldehyde — were studied in a biphasic organic solvent/water system. The oxidation of
aromatic aldehydes resulted in valuable products for the pharmaceutical and cosmetic industries, including
aromatic acids, mequinol, hydrocoumarin, and 3,4-dimethoxyphenol. The synthesized Se-containing microgel
catalysts enable mild process conditions, high yields, and high selectivity, which enhance process efficiency,
reduce environmental impact, and improve the quality of the final product.

Keywords: catalysis, oxidation processes, heterogeneous systems, aromatic aldehydes, microgel catalysts
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JonoBani HeMeTasaMu HAHOCTPYKTYpH TiO2: onep:xkaHHsA, CTaH IONAHTIB,
BJIACTUBOCTI

Harauis 1. Pomanoscbka, Iletpo A. Manopuk

Tnemumym ¢hizuunoi ximii im. JI.B. Iucaparcescoroco Hayionanvnoi akademii Hayk Ykpainu
npocn. Hayku, 31, Kuis, 03028, Vkpaina, e-mail: nat.romanovska@gmail.com

B naniii poOOTi BUKOPHCTaHO IUIABUKOBY KHMCIIOTY Ta TiIpodTOpui aMOHIl0, K MPeKypcopu GTopy, Ta
TIOCEUOBHHY 1 CipuaHy KHCIIOTY, SIK IPEKyPCOPH CIPKH Ta MMPOBEACHHO MOPIBHIHHS (Pa30BOro cKiIamy, MOpQoJIorii,
TEKCTYpH, EIIEKTPOHHOI OYA0BHU JOMTOBAaHUX HeMeTallaMi HAaHOCTPYKTYp TiO2, po3ristHyTO XiMIYHHIA CTaH JOMAHTIB
B OJIEPYKAHMX MaTepiaax Ta A0CIiIKEHO BIUIMB 3a3Ha4eHUX (hakTopiB Ha POTOKATATITHYHY aKTHBHICTh B TIpOLIecax
¢doronerpaganii CKIagHUX OPraHIYHUX CIHONYK Ha NPUKIaLl aHTHOIOTMKA TETPALMKIiHOBOTO psIy -
nokcurukIiny. JlokazaHo, 10 TUTABUKOBA KUCIIOTa Ta TIOCEYOBHHA 3YMOBIIOIOTH (POPMYBaHHS KpHUCTATITHOI (pa3u
aHara3y, TOJl SK MPHU HU3BKUX CIiBBIAHOIIEHHAX TiApO(PTOpUAY aMOHII0 10 OyTOKCHAY THUTaHY (OPMYETHCS
reTepOCTPYKTYPH aHaTasy 3 OPYKITOM, a MPH BUCOKUX CIiBBIAHOIIEHHS CipYaHOi KHCIOTH A0 OYTOKCHAY THTAHY
crioctepiraerbcst popmMyBaHHSA KpHCTamidHOI (Da3u THUTaHLI cynbdaTy. BcTaHOBIEHO, IO TUIABHKOBA KHCIIOTA
3yMOBIIOE€ (OpMyBaHHS YACTHHOK INIACTHHYACTOI MOPGOJIOTii, a HAABHICTh CIPYAHOI KHUCJIOTH B 30JIb-TE€Ib
peakuiiiHiii cymimi NpuUBOAWTH A0 (OPMYBaHHS YAaCTHHOK cQepoiganbHoi MOpQOIOrii, SKi MpU HEBETHKHX
CIIBBITHOIICHHSAX CIpYaHOI KHCJIOTH OO0 OyTOKCHAY THTaHY (GOPMYIOTh HEMIIILHOArJIOMEpPOBaHI YaCTUHKH
cthepoinansHOi MOpdororii, siki chopMoOBaHi 3 KPUCTANITIB aHaTa3y. JochipkeHO (OTOKATATITIHY aKTUBHOCTH
KoziormoBaHuX HaHOCTPYKTyp TiO» B mporeci ¢oToaerpaganii JOKCHIMKIIIHY MPH ONPOMiHEeHHi cBiTiaoM Y- Ta
BUAMMOTO Jiana3oHy Ta BCTAHOBJIEHO, IO MPU ONPOMiHEHHI cBiTIoM Y®-aiana3oHy akTUBHICTH, B OCHOBHOMY,
3JIEXKUTH Bia ()a30BOro CKIaAy i po3MipiB KPUCTAIITIB, TOMI SK IIPH OMPOMIHEHHI CBITJIOM BHIUMOTO ialla3oHy
AKTHBHICTb 3aJIC)KHUTH BiJl BMICTY MiK()y3JI0BHX JOMAHTIB, SIKi MiABUIIYIOTh YyTIMBICT MaTepialiiB 10 BUAMMOTO
cBiTna. BcraHoBeHO, 1110 OTpHMaHi B MPUCYTHOCTI T IpodTOpHAY aMOHIIO KOJIOIIOBaHi a30TOM, ByTJIeLEM 1 PTopoM
HaHOCTpYKTypu TiO2 XapakTepu3yrThCsl HasSBHICTh MOBepxHeBuX Ti-F rpym Ta MixBy3ig0BOTO BYyTIEIIO i
MMOBEPXHEBOT0 KapOoHATy, TO/Al SK OTPHMaHi B MPHUCYTHOCTI TIOCEYOBHHH KOJOMOBaHI Byrienem i cipkoio TiO»
HAHOCTPYKTYpH TicIs TiapoTepMaibHOi 00poOku micTsaTh Ti-SH rpymu, siki B pe3ynbTaTi KaJdbUWHYBaHHS HpU
450 °C OKHCHIOIOTBCS 3 yTBOPEHHAM MikBY310B0i cipku (S°*) Ta moBepxHeBoro cyabdary.

Knrwuoei cnosa: niokcuj TuTaHy, I0NMyBaHHs, cipka, GTop, poTOKaTaNi3, TOKCUIIMKITIH

Marepianu Ha ocHOBI aiokcuay Tutany (TiO2) € OJHUMU 3 HAROITBII IUPOKO BUKOPUCTOBYBAHMX
dorokaramizatopi [1-3], 3aBIsSKH MOEIHAHHIO MPUTAMAHHHUX 1M BaXKJIMBHUX BIACTUBOCTEH, TAaKUX 5K
37aTHICTH i A€o KBaHTiB Y ®-CBiTiIa reHepyBaTH PO3JIiieHi 3apsiau exekTpor/aipka (e /h*), peakuiiina
3[ATHICTh Ta XiMi4YHa CTaOLIBbHICTh, HETOKCHUUHICTh, OiocyMicHicTh [1-3]. DoToKaTami3aTOpH HA OCHOBI
TiO2 BUKOPHUCTOBYIOTH JIJIsSI PI3HUX NMPAKTUYHUX 3aCTOCYBaHb, TAKUX K (DOTOKATATITUYHE OUHUINCHHS Bijl
3a0py/JHIOIOYMX pedoBMH TmoBiTps Ta Boau [1-3], karamiz [1-2], doroenekrpokartaniz [1-2],
doTokaTamiTHHE OACpKaHHSA BOIHIO [2-5], Ta iHIIOro «coHsYHOrO» manuBa [2-4], consuni [2-4], Ta
nanuBHi [2] komipku, XimMiuHi Kepena ctpymy [2, 4], doroBonbraika [2, 5], cynepkonaencaropu [2-4],
MOBEPXHI, 10 MAIOTh aHTUCENITHYHI [4, 6, 7], mpoTUTYMaHHI Bi1acTHBOCTI [6] Ta 31aTHI CAMOOYHIIYBATHCH
[5, 6]. He3Bakarouun Ha Te, mo y TiO2 € GaraTo mepesar, MOPIiBHSIHO 3 iHIIMMH HATiBIPOBIIHUKOBUMHU
doTrokaTamizaTopamu, HOro mupoKa 3adoporeHa 30Ha (3.2 eB mis anarasy) oomexkye 3actocyBanus Ti02
Y®-o6mactio  enekrpomaruitHoro crmektpy (A <387.5um) [1-3], mo HeraTMBHO BIUIMBAaE Ha
komepitiamzamito TiO2 ¢orokaramizatopis [2,5]. Kpim Toro, mis TiO2 € xapakTepHOIO MIBHIKA
pekoMOiHamisi  (OTOreHepOBaHMX  HOCIIB  3apsiay, SKa 3HHXKYE KBAHTOBY  €(EKTHBHICTH
dorokaramituunoro mporecy [1-3]. Haiibinem ¢orokaramiThuHO akTHBHa (asa aHaTazy €
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TepMocTabuibHO0 Tpu TemnepaTypax < 600 °C 1 TpaHchopMyeThCsl B pyTHIL, IO TAKOXK OOMEXY€e Horo
3acTocyBaHHs [5, 6], ToMy OCHOBHI 3yCcHILISI 111010 TTOKpanieHHs BiactuBocteit TiO2 sk poTokaraizaropa
CIPsIMOBAHI, TEpIIl 32 BCE, Ha 3MIHU HOr0 ONTHYHUX BIACTUBOCTEH B CEHC1 PO3IMIMPEHHS Aiana3oHy Horo
CHEKTPaJIbHOI YyTJIMBOCTI y BUAMMY 00JacTh A 3a0e3ledyeHHs MOro 31aTHOCTI FeHepyBaTH MapH
SIICKTPOH/IipKa P OMPOMiHEHHI CBITJIOM BUIMMOTO fiara3ony (A > 400 um) [2, 5]. He menmn BaskiuBum
€ TakoXX 3a0e3neueHHs €(EeKTUBHOIO PO3JAUICHHS (OTOreHEpOBaHUX 3apsAiB JUIsl YHNOBUIBHEHHS iX
pexomOiHalii, siIka ICTOTHO 3MEHINYE€ KBAaHTOBY €(EKTHUBHICTh BHUKOPHCTAHHS CBITJIA 1 € OJHIEIO 3
rosioBaux Baja TiOz sik GpoTokaTamnizaropa [2, 5]. s minBuieHHS KBaHTOBOT €()EKTHBHOCTI BayKIIMBUM
TaKOX € 3a0e3MeYeHHsT MAaKCHMAaIbHOTO TOTJIMHAHHS aal0YnX Ha MoBepXxHIo (horokaramizaropa Ti02
KBaHTIB CBITJIa, [0 IOCATAETHCS BapitoBaHHAM Mopdotorii yactuHok [2, 5]. Ha cboroHi, st yCyHEHHS
X HEOJIKIB i PO3MIMpPEHHs cep MPaKTUIHOro 3acTocyBaHHs 102 3amponOHOBAHO PS/ MiAXOIIB, Y
KO)KHOTO 3 SIKMX € CBOi mepeBaru Ta Hemouiku [1-6]. 3okpema, 3amponoHOBaHO CEHCHOLTI3AIli0
OapBHHMKaMM, JOIyBaHHS KaTIOHAMHU METaliB, HeMeTalaMd, (OpPMYBaHHS TETEPOCTPYKTYp
(reTeponepexoiiB), 10 CKJIAIAIOTHCS 3 JBOX 1 OUIbIIE HAMIBOPOBIAHUKIB (OKCHIIIB Ta/ab0 Cyiab(iaiB) 3
PI3HOIO IMPHHOKO 3a00pOHEHOT 30HH, popmyBaHHs kKoMno3uTiB TiO2 3 HAaHOYACTUHKAMHU OJIArOPOTHUX
MeTaliB ¥ HaIiBNPOBIAHMKIB, 3 BYIJICLEBUMHU MaTepiaiamMu pi3HOi Mopdosorii (HaHOTpyOKamu,
rpad)eHOM TOIII0), 3 KBAHTOBUMHU TOYKaMH, a TAKOXK Pi3HI BapiaHTH MoeqHaHHS nux MetoiB [1-6]. Cepen
ICHYIOUMX IiIXOMIB JONMyBaHHs Ta kogomnyBaHHs T102 Hemeranamu, Takumu sk C, N, S, F, € nabararo
e(EeKTUBHIIIUM OPIBHIHO 3 IHITMMH METOJIaMH, OCKLUTBKH JIOITyBaHHs HEMETAIaMH He TUTbKU 3a0e31edye
3MIIIIEHHsI KPat0 CMYTH MOTJIMHAHHS Y BUAUMY 00JIacTh, aje i 3MeHInye pekoMbinaio e ta h* [3-5, 8-9],
TOMY LIeH MiJXiJ] pO3IIIAIAa€ThCs K OJUH 13 caMux nepcrnekTuBHuX [3-5, 8-9]. OcHoBHa ies pomyBaHHs
TiO2 HemeTanamu noJsirae y 3MillleHHI HOTO ONTUYHOTO MOTJIMHAHHS 3 yibTpadioneToBoi (290-400 M)
y Bugumy obnacth (400-700 uMm), a Takox y ctBopenti B TiO2 nentpis 3axomieHns ¢ Ta h™ abo mosep-
XOHb, Ha SIKUX Bif0yBaeThcs ix posainieHus [2-5]. Komonmysanus TiO2 HemeTamamMu Hajae JT0JaTKOBI
nepeBaru y i MapuHi 3aBISKH MOKJIMBOCTI OJTHOYACHOTO MOJM(IKyBaHHS BaJICHTHOI 30HU Ta 30HU
npoBiTHOCTI [5].

3riIHO Cy4aHUX ysIBJIECHbB, IOMyBaHHS HEMETaJaMHi MOKe OyTH 3aMiCHUM (3aMilIeHHS! KUCHIO a00
TUTaHy B Tpalli), MDKBY3JIOBUM (aTOM JIOTIAHTY 3B’SI3aHUI 3 aTOMOM THTaHy yepe3 atoMm (abo aToMn)
KHCHIO B TPATIli, 3MIIIAHUM (3aMiCHE 3 MXKBY3JIOBHM), a TAKOK MTOBEpHEBUM (KapOoHAT Ta cynbdar HoHH
Ha TOBEPXHI).

B naniit po6oTi nmpecTaBieHi pe3ynbTaTH CHHTE3y KOJOIMOBAaHMX HEMeTajaaM HaHOCTPYKTyp Ti0O2
(HM-TiO2) ta iX OCHOBHI XapaKTEpPHCTHUKH, a came (a30BUi CKiIaj, MOpdoJIoTis, aacopOiiHi Ta
CIEKTPaJIbHI XapaKTePUCTUKU Ta iX (pOTOKaTaiTHYHA aKTUBHICTH B TpOIecax Jerpamariii CKIagHIX
OpPTraHiYHUX CHOJYK IpPU ONPOMIHEHHI CBITJIOM BHIMUMOTO, a TaKOX YJIbTPadioJeTOBOro Jiana3oHy.
OxpeMo pO3IIIIHYTO XIMIYHUI CTaH JIOTAHTIB B CHHTE30BAaHUX MaTepianax Ta MEpeTBOPEHHS B MpoOIeci
CHUHTE3Y Ta OCTCUHTETUYHOI 0OPOOKH.

Excnepumenm

CuHTe3 KOJO0MOBaHUX HAHOCTPYKTYp TiO2 mpoBOAMIM TiAPOTEPMAIBHUM 30JIb-T€JIb METO/OM 3
HACTYIHUM KalblIMHYBaHHsI. Sk mkepeno ¢propy BukopucroByBanu HF [10], NHsHF2 [11], a six mkeperno
CIpKH BUKOPHUCTOBYBaJH TioceuoBuHy [12] Ta cipuany kucnoty [13]. 3pa3ku mapkysaiu (X) C,FHr-TiOz2
(Ty/T2), (X) C,N,FnHar-aF-TiO2 (T1/T2), (X) C,Stu-TiO2 (T1/T2), (X)C,SHzsos-TiO2 (T1/T2), ne X — MonbHE
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cmiBBigHOIIeHHs pekypcopiB ponaHtiB (HF, NHaHF2, (NH2)2CS, H2S04)/Ti(OBuU)a4, a T1 - Temneparypa
rizporepManbHoi 00poOku, T2 - Temneparypa KaJlblUHYBaHHS.

da3oBuil CKJIaJ CHHTE30BaHUX MaTepialliB AOCHIHKYBAIM Ha PEHTTEHIBCHKOMY AHUDpakTOMeTpi
«D8 ADVANCE» («Bruker») 3 CuKg-BumpominioBanasm (A =1.54184 um) B miama3oHi KyTiB
20 = 10-80° 3 xpoxom 20 = 0.05° Ta HAKOTUYEHHSAM CHTHANy MPOTATOM 3 cek/Kpok. IlomoxeHHs mikiB
BU3HauYaM 3 TouHicTO 20 = 0.03° 3 BpaxyBaHHSM HETOYHOCTI IOCTYBAaHHSI TIPUJIATY, 10 BU3HAYAIOCH 32
MIOJIOKEHHSAM BHYTPIIIHBOTO €Tajlony (KpeMHiii 3 mepionom rpatku a = 0.54307 um). Po3mip kpuctamiTiB
aHatazy po3paxoByBaiu 3a piBHSHHAM JleGas-Illeppepa. Bwmict kpucramiunoi ¢asu aHaraszy
PO3paxoBYBaJIM METOJIOM MOPIBHSAHHS IUIOLII pediekcy 3pa3Ka 3 BiIOMUM BMICTOM KPUCTAIIYHOT (a3u 3
IUIOIIEI0 pedIIeKCy JOCTiKYBaHOTO 3pa3ka. BMICT pyTuity po3paxoByBalid 32 METOAUKOIO, ONTUCAHOIO B
[11-13].

Jus nocmipkeHHss MopgoJorii CHHTE30BaHMX MarepialliB METOJOM CKaHYI04Yoi eJIeKTPOHHOI
mikpockonii (CEM) roryBanu cycneH3ii0 MOPOIIKY B €TaHOJI, Ky 103aTOpPOM HAaHOCHIJIM Ha JIaTyHHI
CTOJIMKM, BHCYIIyBAIM Ha TOBITPI 1 HANWSUIM Ha TIOBEPXHIO 3pa3KiB 3070T0. EnexTponHHi
MikpodoTorpadii peecTpyBaiu Ha CKaHyI0UOMY eneKTpoHHOMY Mikpockori JSSM-6060 LA («JEOLy) mpu
npuckoprorouiit Harpysi 30 xB.

Jis nocmikeHHs MOpgoJorii CHHTE30BaHUX MaTepiajiiB METOI0M MPOCBIYYIOUOi €IeKTPOHHOT
mikpockonii (IIEM) Cycnensito 3pa3ka B ertaHousi miggaBamu Y3-o0pobmi mpotsrom 30 XB, HOTIM
MIKPO/103aTOPOM HAHOCHJI Ha MiJHI CITOUKH, TOKPHUTI aMOP(HOIO BYTJIELEBOIO IUTIBKOIO, 1 BUCYIITyBaIU
Ha noBiTpi. Mikpodotorpadii [IEM otpumysanu Ha mikpockori JEM 1230 («JEOL») npu npuckoprorouiit
Hanpysi 100 xB.

CTpyKTYypHI BJIACTHBOCTI OJIEpKAHMUX 3pa3KiB JOCIIKYBaJIH 00 €MOMETPUYHHM METOJIOM
agcopOiii azory npu 77 K, BUKOPUCTOBYIOUM aHAJI3aTOp MOPUCTHX MartepiaiiB «Sorptomatic-1990». B
po0boTi i30TepMu acopOItii/necopOiii a30Ty mpeACcTaBIIeHi SIK 3aJIeKHOCTI 00’ eMy ancop06aty (Vane), IKHiA
MOTJIMHYTO 3pa3KoM, BiJl BITHOCHOTO THUCKY Horo mapiB (p/ps). AACOpOLiiiHI mapaMeTpu CUHTE30BaHUX
MarepiagiB BU3HAYalW MOPIBHAJIBHUM MeTonoM t-plot 3 BHKOpMCTaHHSIM CTaHAAPTHHX i30T€PM IS
HETIOPUCTUX PEYOBHH (00’€M MIKpPOHOp Vwixpo Ta ME30HOP Veso, TUTOMA TOBEPXHSI ME30IOP Sweso).
3arajibHy MUTOMY MOBEPXHIO SEET OLliHIOBaNHU 32 piBHAHHAM BET. Po3mip Me3omnop BU3HaYaIl METOOM
bapuerra-/[xoneiipa-Xanenau (BJH). Ilepen BuMiproBaHHAM 3pa3Ku Jlera3yBajlyd MPOTATOM TPUBAJIOTO
yacy npu 3ananii remmeparypi (120, 180, 320, 450 °C).

[Y-cnextpu peectpyBanu Ha ciektpomeTpi SPECTRUM ONE (Perkin Elmer), B Tabnetkax KBr
3i criBBiHOMIEHHsIM 3pa3ok / KBr~ 1 /100.

Cnektpu  audy3Horo BImOMTTS peecTpyBanu Ha  crmekrpogoromerpi  Evolution 600
(«Thermoscientificy) B miamazoni 200-900 am. CriekTpu NOMVIMHAHHS PO3YUHIB PEECTPYBAIM Ha
cnekrpodoTometpi Specord 210 («Analytic Jenay) B mianazoni 200-1100 =M.

Tepmorpamu 3paskiB opepKyBanu Ha nepuBarorpadi Shimandzu DTG-60H. docnimxyBanuit
3pa3ok 3mimnyBaiu 3 o.-Al2031 HarpiBaau Ha moBiTpi 3i mBHAKIcTIO 10 °C/xB Bix KimHaTHOI 10 800 °C.

AHaJi3 JETKUX MPOIYKTIB AecopOIlii MpOBOMAMIM NUIIXOM HarpiBaHHI KBapIIOBOI aMITyJH,
3’€THAHOT 3 KBaAPYMOJBbHUM Mac-criekTpomerpoM (MX7304A («SELMIy) 3 fioHizamiero eneKkTpoHiB
70 eB. 3pa3ok HarpiBanu piBHOMIipHO 31 mBuakicTio 14 °C/xB Bim 14 mo 800 °C i peectpyBaiu mac-
CHeKTpu ra3oBoi (asu. Pesynmpratu nocmimkenHs mnpencrasneni y Burisai TII-MC mnpodiniB B
KOOp/IMHATAaX «IHTEHCHUBHICTh CUTHATY B Mac-CIEKTpI — TeMIIepaTypay» MpH 33JaHOMY CIiBBIIHOIICHH]
Mmaca / 3apsig (m/z).
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Crniextpu peHTreH(OTOEIEKTPOHHOI CHEKTPOCKoIii peecTpyBanu Ha crekrpomerpi ESCALAB
250Xi («Thermo Scientificy), obnagHanomy moHoxpoMaTHdHUM AlKo pPEeHTreHiBCHKUM DKEPEIoM
(hv = 1486.68 eV). 3pa3ku nmonepeHbO BiKauyBaid y BAKYyMi IPOTATOM J00H JI0 TOCATHEHHS B KaMepi
tucky 5-8:107° M6ap. CHexTpu BHMCOKOTO PO3JiNEHHS pEeecTpyBadM MpH eHEeprii MpOIyCKaHHS
anaiizaropa 20 eB, sikwuii 3a0e3neuye criekrpaibHe posaiaeHas 0.5 eB.

Crextpu SIMP na sapax °F peectpysamu Ha ciektpometpi Bruker Avance 11 MAS 11 400MHz
(Bruker, Germany) mpu wactoti 100 MI'n. Jlns orpumanns °F SIMP crekTpiB cycneHsii mopomkis
3pa3kiB B po3uumHi KOH 3wminryBamum 3 jgeldTepoBaHUM JHUMETWICYJIb(POKCHIOM B 00’ €MHOMY
criBBigHOIIEHH] 1+5.

Bwmict Byruenro, BogHi0, a30Ty Bu3Hayanu Ha enemeHTHomy C,H,N-ananizaropi Carlo Erba 1106.

Hocnioxncenna pomoxkamanimuunoi akmuenocmi 3pa3Kie

0.010 r 3pa3ska cycnenmyBamu B 10 M1 BOAHOTO po3uuny Aokcuiukiiny (5.0-10°-M), i 3anummanu
Ha HIY /i1 BCTaHOBJEHHS copOuiiHoi piBHOBaru. CycneHsii 3pa3kiB ONpPOMIHIOBAJIN CBITJIIOM
yabTpadioneroBoro aianasony (A =365 HM) mrominecueHTHOrO Jammoro Delux 26W Tta Bumumoro
nianazony LED nammoro Maxus 8 W, o6magHaHoro cBITAO(QIABTPOM, SKHH HPOIYCKA€E CBITIO 3
A > 400 HM, 3 iHTEHCHBHICTIO BHIPOMIHIOBAHHS OiNls MoBepxHi cycmensii Bimmosimao 0.05 MBt/cm? i
2 MB1/cMm?, sixy Bu3Hauamu 3a goromororo 91150V Reference Cell and Meter (Newport) Ha Bizcrani
40 cm, 110 BiATIOBiAA€ BiICTaHI Bij JIAaMIIH J0 MTOBEPXHI Cycrensii. Yepes BU3HaUEHI POMIKKH Yacy Ticis
ONPOMIHEHHS B1IOMpPau allikBOTY CycIeH31i, HeHTpudyrysaau npotsirom 20 XB, 1 peeCTpyBaIu CIEKTPU
MOTJIMHAHHS PO3YuHiB B Miana3oni 200-1100 am.

Pezynomamu ma ix 062060penns

Daszosuil cknaod, mopghonoeis ma mekcmypa ko0onoganux Hememanamu Hanocmpykmyp TiO2

BukopucTanHs pi3HUX MPEKypCOpPiB A0MaHiB Mpu cuHTEe31 HaHOCTPYKTYp HM-TiO2, sk nmpaBuio,
NPU3BOANTE 10 (OpMYBaHHS KpHUCTaiiuHOi a3y aHaraszy, aie BMICT (a3u Ta po3MipH KpUCTAIITIB
3aJie)aTh BiJl MPEKYPCOPIB HEMATAIIIB Ta YMOB CHHTETHYHOI Ta TOCTCUHTETUYHOT 0OPOOKH.

[Tokazano, mo B npucytHocTi HF 30m1b-rens peakmiiiniii cymimi (3I'PC) popmyeThes kprcTamiuyHa
¢asza anarasy (puc.la), ane xapakrepuctuunuii pediaekc (200) 3BYKYyeTbCs, a XapaKTepPUCTUUHUIM
pednekc (004) ymmproeThCsi, BiTHOCHO HEIOMOBAHOTO aHaTa3y, MO CBITYUTH Mpo (OPMyBaHHS B
npucytHocti HF nanoctpykryp TiO2 y BUIIIAAl TUIACTHHOK 3 BUCOKHM BMICTOM BHCOKOEHEPTETHUYHHX
rpaneii (001) [14]. ITicns kanpuunayBanus npu 450 °C (puc. 1 6) 3meHmyetses mupuna pediaekcy (004)
1 3pOoCcTae IHTEHCUBHICTD 1HIIMX XapaKTEPUCTHUYHHUX pediiekciB aHaTazy. KpiM Toro, B HEKaJbIIMHOBAHUX
3pa3kax 3adikcoBaHo yTBOpeHHs HeBeaukoi Kimbkocti TiOF2. (JCPDS 08-0060) (pumc. 1 B), sikumii
pyHHY€ETbCsI B mpoleci KaabluHyBaHHS (puc. 1lr). Po3Mmipum KpucTamiTiB aHaTasy NPaKTHUYHO HE
3MIHIOIOThCS. BUXO4M 3 BUK/IaJ€HOIO MOXKHA BBA)KAaTH, 1110 BUKOPUCTAHHS MJIABUKOBOT KUCIOTU TPU
cunte3i TiO2 103BOMNsiE OTPUMYBATH HAHOCTPYKTYpPH IUIACTUHYACTOI MOpQOIOrii, ska (OpMYEThCs
3aBJSIKM OJIOKYBaHHIO pOCTy Kpuctany y3aoex oci (001) ¢ropua-ionom [15] Pasom 3 TuM, BHCOKa
TOKCHUYHICTH 1 JIeTKicTh HF 3yMOBITIO€ MOITYK HOBUX MiAXOMAIB 0 OJAEP>KaHHA MOIIOHMX HAHOCTPYKTYP
TiO2, ane BukopucToBytouH Gropuan, Harpukiag Gropuan Ta riapoGTopuan aMoHilo.

B nudpaxrorpamax 3paskis, orpumanux 3 3I'PC B mpucytHocti NH4F-HF, cniocrepiraerscs Habip
XapaKTepUCTHIHUX Pe(IIeKCIiB, SKi MOXHA BIHECTH 10 KpucTaitiuHOi ¢as3u anatasy (JCPDS 21-1272),
ane B qudpakrorpamax 3paskis (0)C-TiO2(180/0) (puc. 1 a, kpusa 1) Ta (0.05) C,N,Fnrar-nr-T102(180/0)
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(puc. 1 1, kpuBa 2) criocrepiraerbes mosisa peduexcy npu 30.6°, sskuilt MOKHA BIAHECTH 10 KPUCTATIUHOL
¢asu Opykiry (JCPDS29-1360). Iupuna xapakTepuCTHUYHUX pediekciB npu 30umbmieHHT X
3MEHIIYEThCSA, TOAI K IHTEHCHBHICTH 3pocTae. Po3paxoBani 3a piBHsHHAM JleGas-Illeppepa po3mipu
KPHUCTATITIB 3pOCTAlOTh BiJ 8 10 12 HM, TOI SIK BMICT KpUCTAJIIYHOI a3y aHATa3y jocarae 6Ju3bko 55 %
(ta6m. 1). [Ticns xaneiuHyBaHHs 3paskiB npu 450 °C criocTepiraeThesi SMEHIICHHS IIMPUHU Ta 3pOCTAHHS
IHTEHCHBHOCTI XapakTepucTuyHux pediekciB (puc. 1 e). Po3mipu kpucranitiB 3pocratots Big 10 10
17 uMm, a Bmict aHartasy jgocsirae 90-95 % (tab6u. 1). B toit ke uac, B (0)C-TiO2(180/450) (puc. 1le,
kpuBa 1) 30epiraerbes 15 % OpykiTy, a BMiCT aHaTa3y 3pocTtae 10 80 % 1 3pocTaroTh po3MipH KPUCTATIITIB
(tabm. 1), a B (0.05) C,N,FnHar-nr-T102(180/450) (puc. 1 e, kpuBa 2) 3pocrae BMicT aHataszy a0 95 % i
pO3Mipu KpHUCTamiTiB A0 16 HM, a OpykiT He ineHTH(]iKyeTbcs (Tabm. 1). Sk Buano 3 Tabn. 1, B
(XC,N,FnHarnr-TiO2(180/Tx) 13 3pocTaHHsM X, siK 1 B pe3yJbTaTi KaJlblIMHYBaHHs, BMICT aHara3sy i
PO3MIpH KPHCTANITIB MPAKTHYHO HE 3MIHIOIOTHCA, a (haza OPYyKiTy YTBOPIOETHCS JIMIIE 32 BiJCYTHOCTI
¢Topuny B PC abo npu X < 0.05. Lle MokHA MOSICHUTH BIUTUBOM (DTOPHUI-HOHIB, OCKIJIBKH, SK BiIOMO,
bTopua-iionn cTpuMyrTh (opMyBaHHS KpucTamiuHOi (asu Opykiry [16], [17], xaramizyroTh
NEPEeTBOPEHHS OpYKITY B aHara3 i 3yMOBIIOIOTH IOCHWJIGHHS POCTY KPHCTANITIB aHaTa3zy HUIIXOM
ancop6Ouii Ha moBepxHi TiO2 [18]. 3Biacu BUAHO, 110 BUKOPUCTAHHS HEBEIMKUX KOHICHTpaLiil Gpropumy
B PC Bce  103BOJIsSI€ OTpUMAaTH J01OBaHi (ropoM rerepoHanocTpykrypu (A/F) TiO2.

Beenenns TtiocedoBuny B 3I'PC mpum cunrte3i HanocTpyktyp TiO2 3ymoBmoe (GopmyBaHHS
Kkpuctaniunoi ¢asza anatazy (puc.le) 3 po3mipom kpuctamiTiB 9-11 HM, mo mMoxe OyTH 3yMOBICHO
3MEHIICHHSIM KUIBKOCTI MICTKOBHX alleTaTHUX Trpym, ski, sk Bimomo [19], [20], GmokyroTrs mporiiec
KpHCTaii3allii aHaTa3y 1 yTBOPEHHsI HOBUX CIPKY- 1 BYTJIeIIbBMICTHUX MICTKiB. BMICT kpucTaniunoi ¢a3u
anatasy (A, %) B 3pa3ky (0) C,Stu-TiO2 (120/450), ctanoButh 85 %, a mpu 3pcTaHHi X BMICT aHaTa3y
3MeHIyeTbes 3 95 % (X'=0.17) mo 65 % B (X =0.67) (tadn. 1). 3menmenns A, % B (X) C,Stu-TiO2
(120/450) 31 3pocTanHsIM X MOXHa MOSCHUTHU 30UTBIIEHHSAM B KibKocTi nonaHTiB (C, S), sixi popmyroTh
CTPYKTYpY MOAM(DIKOBAHOTO areraToM amopdHoro tutaH okcujaHoro mnoiimepy (MAATII) B cknani,
HaNpUKJIIaJl, alleTaTHUX, OJIbHUX a00 cysb(aTHUX (UM 1HIINX) TPy Ha cTafii 301b-renb 1 ['TO. YacTkoBuit
poskiag MAATII B mpomeci KajdblMHYBaHHS TNPHU3BOJUTH JO YTBOPEHHS HHUTOK aMOP(HOro
TUTAHOKCHUJIHOTO TOJIIMEPY, 3 IKOTO B pe3yJIbTaTi KOHAEHcalii 1 KpucTani3alii yTBOPIOEThCS aHaTa3.

B mnpucyTHOCTI cipuaHOi KHCIOTH CIIOCTEPIra€Thbcsi YTBOPEHHS KpUCTaliYHOI (a3u aHartazy
(JCPDS Ne 21-1272) (puc. 1 x, xpusa 1-3), a nmpu X =0.96 kpim Toro, mis 3paska (0.96)C,SHzsos-
TiO2(120/370) (puc. 1 x, kpuBa 4 (Bpi3ka)) B nudpakTorpami HasBHI pedIieKkcH, sIKi MOXKHA BiJHECTH
kpuctaniunoi ¢azu tutaHin cyiabdary ((JCPDS Ne 14-0503), sika, HMOBIpHO, YTBOpEHa B pe3yJbTaTi
B3aeMoii HajuuIIKy cipyanoi kucnoty 3 Ti-OH rpynamu [13], siki yTBOpIOIOTBCS B TIPOLIEC] TiIpoItizy
npekypcopa TUTany, 3 yrBopeHHs B mpoueci ['TO Tta xanpumnyBanHs TiOSOas. YTBOpeHHS TUTaHLI
cyabdary B 3pa3Kax 3 MEHIIMM X TaKOX MOXIIHUBE, aje B IU(PPaKTOrpamMax BiH MOTAHO JIETEKTYEThCS
4yepe3 HeBEMUKUN BMICT KPUCTAIIYHOI CKIIaI0BOI.

TakuM 4YUHOM, BUKOPUCTAaHHS (TOP- Ta CIPKYBMICHHX CIHOJYK B 30JIb-T'€llb CHHTE31 JOITOBAHUX
HeMmeTanamu HaHOCTPYKTyp TiO2 3yMoBIO€ (opMyBaHHS KpHCTalmiuHOi (asu aHarazy 3 po3mipamu
KpucTamitiB Omu3pko 10 HM, aje B MNPHUCYTHOCTI TiApo(TOpPUAY aMOHII0 MOJKJIHMBE YTBOPEHHS
TeTePOCTPYKTYp CKIIQAy aHaTa3/OpyKiT, a NepeBUIIECHHS ONTUMAJILHOTO CITIBBITHOLICHHS MPEKYPCOPIB
H2S0O4/Ti(OBuU)4 mpu3BoaAUTh 10 YTBOPEHHS KPUCTAIIYHOT (ha3u TUTAHLI Cyibdary.
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Puc. 1. JTudpaxrorpamu 3paskis (X)C,Fue-TiO2(180/0) (a) Ta (X)C,Fre-TiO2(180/450) (6), ne X =0 (1); 0.62 (2);
0.92 (3); 1.54 (4), ta cBixecunrezoBanoro 3paska (1.54) C,Fue-TiO; (180/0) (B) i micns kampuuuyBaHHs (1.54)
C,Fur-TiO2 (180/450) (r), 3anucani npu Mamii mBUAKOCTI ckanyBanHs; 3paskiB (0)C -TiO. (180/0) (x) (1) ta (X)
C,N,Fnharur-Ti02(180/0) (x) mpu X : 0.05 (2); 0.11 (3); 0.16 (4); 0.21 (5) ta 3paskis (0)C -TiO2 (180/450) (e) (1)
ta (X) C,N,Fnnar-ur-TiO2 (180/450) (e) mpu X: 0.05 (2); 0.11 (3); 0.16 (4); 0.21 (5); 3paskis (X) C,Stu-TiO; (120/450)
(e) mpu X =: 0 (1); 0.17(2); 0.33(3); 0.50(4); 0.67(5); 3paskiB (X)C,SH2s04-Ti02 (120/370) () mpu X =: 0 (1); 0.32
(2); 0.64 (3); 0.96 (4)
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Taoauus 1. Pazosuii cknan ta po3mipu kpuctaiitiB HM-TiO; mo Ta micns KanbUUHYBaHHS

180/0 180/450
A, % | d, am A, % d, am
X=HF/ Ti(BuO)4
(0)C,Fue-TiO: 61 10 48 14
(0.62)C,Fre-TiO; 48 15 50 20
(0.92)C,Fue-TiO2 50 14 57 24
(1.23)C,Fue-TiO2 65 13 64 23
(1.54)C,Fe-TiO; 68 13 70 23
X=NH4F-HF/ Ti(BuO)4
(0)C -TiO2 (180/0) 65 (15 b) 8 80 (15 Bb) 10
(0.05) C,N,FnHar-ur-TiOz 52 (5 b) 10 95 16
(0.11) C,N,Fnrar-nr-TiO; 55 12 92 15
(0.16) C,N,FnHar-ur-TiO; 55 12 90 16
(0.21) C,N,FnHar-ur-TiO; 55 12 90 17
X=TU/ Ti(BuO)4
(0) C,Stu-TiO2 (120/450) 85 9
(0.17) C,Stu-TiO2(120/450) 95 10
(0.33) C,Stu-TiO2(120/450) 90 10
(0.50) C,Stu-TiO2(120/450) 75 11
(0.67) C,Stu-TiO2(120/450) 65 11
X=H,S04/ Ti(BuO)4
(0) C,Sh2s04-TiO2 (120/370) 50 11
(0.32) C,SH2s04-TiO2 (120/370) 95 40
(0.48) C,Sh2s04-TiO2 (120/370) 30 10
(0.64) C,SH2s04-TiO2 (120/370) 30 10
(0.80) C,SH2s04-TiO2 (120/370) 20 8
(0.96) C,Sh2s04-TiO2 (120/370) 20 8

Mopdomnoris HM-TiO2 3anexuTs BiJ MpeKypcopiB I0NAHTIB, HOT0 KOHIIEHTpAIIii Ta yMOB CHHTE3Y
1 TOCTCUHTETUYHOI 0OpOOKH.

[Tokazano, mo B mporeci ['TO 6e3 npekypcopa (GhTopy yTBOPIOIOTHCS YaCTUHKHU cepoinaibHol
MopdoJtorii 3 cepeaHiM aiamerpoMm Oim3bko 650 HM (puc. 2 a, 6), Toni sk B mpucytHocti HF B PC
dhopMyrOThCs cheprdHi YaCTUHKU 3 po3MipoM 3epeH 25-30 HM, siki pOopMyHOTh HEOTHOPIIHI arperaTu
(puc. 2 B, r). 3rigno nanux [IEM (puc. 2 g, e) 3a Biacyrnocti HF B PC dpopmyroTbcs chepudni 4aCTUHKH
3 cepeaniMm miametpoM 10 HM, TOomi sk B mpucyTHocTi HF (puc. 2 €, %) yTBOPIOIOTBCS OTHOPIIHI
TUTACTUHKH po3MipoM ~ 30%30 HM kBaapaTHOT POpMH, SIKi, IMOBIpHO, € (paceTHUMHU HAHOCTPYKTypaMu
niokeuay TuTaHy 3 Bimkputumu (001) rpaHsmu, a micas KaJdbIMHYBaHHS iX (opma 3MIHIOETBCS 10
chepono1ioHOT.

B ITEM 300pakeHHI CHHTE30BaHHUX 3Pa3KiB CIIOCTEPIraeThbCs HASBHICTH CHEPUIHUX YACTHHOK 3
cepenHim niamerpoM 8 HM B 3paszky (0)C-TiO2(180/0) (puc. 3 1), a micis KaJdbI[MHYBaHHA iX PO3MIpH B
(0)C-TiO2(180/450) 3611b1IyIOTECS 10 9 HM 1 3’ ABISAIOTHCS KBaJApaTHI YACTUHKHU 3 po3MipaMu 12x12 Hm
(puc. 3 e). JonaBauus B PC NHaF-HF i 36insmenns X B noeananti 3 I'TO 3yMOBITIO€ HEBEIMKE 3pOCTAHHS
B 3paskax (X)C,N,FnHar-nr-TiO2(180/0) mms X =0.05 (puc.3€) po3mipiB uactuHok TiO2 sk
cepoinanpaux (14-16 HM), Tak 1 kBagpaTHUX (14x14-15%14 um). [licns xKarbUUHYBaHHS IUX 3pa3KiB
(puc. 3 x) B (X)C,N,FnHar-nr-TiO2(180/450) 3pocTaroTh po3Mipu YacTHHOK MPSMOKYTHOI (opmMu 3
OILIABJICHAMH KPasMHU.
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pi| (& € XK

Puc. 2. Mikpodororpadii CEM (a-r) ta TEM (1-x) cixkocunTezoBanux (0) C-TiO2 (180/0) (a, x), (1.54)C,Fue-
Ti02(180/0) (B, €) 1 kanpuuHOBaHUX 3pa3kiB (0)C-TiO2 (180/450) (6, e), (1.54) C,Fue-TiO2 (180/450) (r, x)

Po3mipu yactuHOK cdepoinanbHoi mopdororii (puc. 3 B) Takoxk 3poctatots At X = 0.05-0.21 Bix
14 no 22 um. 3 onepxxkanux CEM Tta I[IEM pesynbrartiB (puc. 3) BugHO, 1m0 goxaBanHs NHsF-HF B 3T'PC
npu cUHTE31 HAaHOCTPYKTYP TiO2 M03BOJISIE PETYIIOBATH PO3MIPH 1 (HOPMY YaCTHHOK 3 PO3MipaMH MEHIIE
100 aM mUTSIXOM 3MiHHM KOHIICHTpAIlii (TOPMICHHX CITOJIYK Ta HACTYIHOI TIOCTCHHTETHYHOI 0OpOOKH 1
KaJIbIIMHYBaHHI.

%30.886 G apm
24 &

Puc. 3. CEM (a-r) ta TEM (a-x) 306paxenns 3paskiB (X) C,N,FnHar.ur-TiO2 (180/Tx) micnsa I'TO (a, B, 1, €) Ta
kagpuuayBanus mpu 450 °C (0, 1, e, k): (0)C-TiO; (180/Ty) (a, 6, 1, €); X =0.05 (8, T, €, K)

VY TIEM 300paxkennsx 3paska (0) C,Stu-TiO2 (120/450) (puc. 4 a) cnoctepiraiotbest chepuuni
YACTUHKH 13 CEPEHIM JiaMeTpoM 9 HM, II0 y3TOKYETHCS 3 PE3yIbTaTaMH, PO3PaXOBAHUMU 3 PIBHSHHS
Heo6as-1leppepa (tabxn. 1). Ipucyrnicte TU B PC oOymoBmtoe (opMmyBaHHS YaCTHHOK KyOidHOI i
emrncoigHoi ¢opmu i3 cepemnim po3mipom 9 HM (X =0.17; 0.33; 0.67, puc.40,B,T), MmO HEHIO
Bifpi3Hs€ThCS Big qanux POA (tabum. 1), a BimmMiHHOCTI 00yMoOBIeH] TiM, 1m0 piBHsSHHS [[ebas-Ileppepa

TOYHIIIIE OMUCY€ CPEepUIHI YACTHHKH.
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Puc. 4. TIEM 306paxenns 3paskis (X) C,Stu-TiO2 (120/450) mpu X =: 0 (a); 0.17 (6); 0.33 (8); 0.67 (1)

3 wmikpodotorpadiii CEM BumHo, mo B PC 06e3 cipyaHOi KHCIOTH YTBOPIOKIOTHCS chepudHi
qactuHKH (puc. 5 a) 3 cepenniMm posmipom 60 HM. [lomaBanus H2SOs B PC 3ymoBIIOE 301TbIICHHS
cepenHboro po3mipy chepudnux 9acTHHOK B (X)C,SH2s04-TiO2(120/370) mo 105 um mpu X =0.32
(puc. 56), 1o 580 um mpu X = 0.64 (puc. 5 B), a npu niaBumeHHI X > 0.80 yTBOPIOIOTHCS CKJIONOII0HI
YAaCTUHKH, PO3MIPU SIKUX 3HAXOJATHCS B MIKpoMeTpoBoMy Aiana3oHi (X = 0.96, puc. 5 1). 3rigHo qaHux
ITEM (puc. 5 n), cepenniit po3mip kpucranitis npu X = 0 nocsirae 11 um. HasiBHICTB cipuaHoi KMCIOTH B
3I'PC 3ymoBitoe popMyBaHHS YaCTHHOK cepoinaibHoi GpopMu 3 cepesHiM JiaMmeTpoM Ou3bko 96 HM,
YTBOPEHUX 3 APIOHUX HELIBHO arperoBaHuX KPUCTAJITIB 3 cepeIHIM AiaMeTpoM 0113bKo 10 HM B 3pasky
(0.32) C,SH2s04-TiO2 (120/370) (puc. 5 e). 36impmienns X 8 3TPC mo 0.48 npu3BOANUTH 0 3pOCTAHHS
niametpy cepruuHuX yTBOpeHb 70 170 HM 1 3MEHIIEHHS AlaMeTpa KPUCTAIITIB 10 8 HM (puc. 5 e), 110,
HMOBIpHO, OOYMOBIJIEHO HAsIBHICTIO CyJb(ATHUX Ipyn B B aMOpP(GHOMY THUTAHOKCHJIHOMY Tei, fKi
CIIOBLTBHYIOTH Mporiec pocty kpuctaiitiB [21]. ITigsumenns X B 3TPC 10 0.64 3ymoBiioe popmyBaHHS
cepuUYHUX YAaCTHMHOK 3 cepelHiM aiamerpoMm 470 HM, sKi HOKpPUTI IIapoM amMopgHOro Mmatepiary
(puc. 5 €), a nogasnpIie 301IbMEHHS X TPU3BOAUTD 10 PyHHYBaHHS CPEpUUHUX YACTUHOK 1 POPMYBaHHS
JIpiOHUX 6e3(OpPMEHHUX YACTUHOK SIKi MMOKPUTI mapoM amopdHoi (a3u, KMOBIpHO, CyMIIIII0 aMOp(HOT
i kpuctaniuHoi (a3 tTutanincynsdary (npu X = 0.96, puc. 5 x).

o, vy
20w *5ide, oBp, E-Emn

hi§ e € o K
Puc.5. CEM (a-1) i IIEM (g-x) 300paxenns 3paskiB (X) C,Snzsos-TiO2 (120/370) mpu X =: 0 (a, x); 0.32 (6, €);
0.64 (8, €); 0.96 (r, %)

[Toxkazano, mo nonasanust NHsF-HF B 3I'PC npu 3poctanHi X, 5K 1 KalbIIUHYBaHHS, 3yMOBITIOIOTh
3MEHIICHHS SBET 1 Sweso 1 301TBIICHHS Oyeso, MOPIBHAHO 31 3pa3KOM, CHHTE30BaHUM B THX K€ YMOBaX, ajie
0e3 momaBaHHs crionyk Gropy (Tabm. 2).
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BapitoBanns cniBBigHomeHHss X B PC 3 nHactynHoto I'TO Tta kansiunyBaHHsAM npu 450 °C
NPU3BOJUTH JO0 ICTOTHUX 3MIH MapaMeTpiB IOPUCTOI CTPYKTYpHU CHHTE30BaHUX B MPUCYTHOCTI
tiocedoBuHu MatepianiB (X)C,Stu-TiO2(120/450) (tabm. 2). HonaBanus TU B PC npusBoauTth 110
301BIICHHS Syeso, SBET Ta dueso 0€3 3MiHU Vane B (0.17) C,Stu-TiO2 (120/450), Toxi sik 30inbiieHHs X B
PC no 0.33 npus3BoauTh 10 301mbIIEHHS dweso, Vaxe 1 SkeT B (0.33) C,S7u-TiO2 (120/450) (Tabm. 2).
36inmpmenns criBigHomeHHs X B 3T'PC 1o 0.67 mpu3BoauTh 10 3MEeHIIEHHS dueso 1 Vaxe B (0,67) C,Stu-
TiO2 (120/450), mopisusiaao 3 (0.33) C,Stu-TiO2 (120/450), xoua SpeT HE 3MIHIOETHCS, OJHAK,
BEJIMYMHA Swmeso CTA€ 3HAYHO OLIBINOIO, HIK BiamoBigHi Bemuumuau s (0.33) C,Stu-TiO2 (120/450)
(Tabm. 2).

Amnai3 TekcTypHUX XapakrepucTuk 3paskiB (X)C,SH2s04-TiO2 (120/370) (Tabu. 2) nokasye, 1o B
npoueci I'TO 300 1 KanbIMHYBaHHS Tel0, MOJIU(DIKOBAHOIO aieraroM (kapOoHAaToM) 1 cyib(aTom
TUTAHOKCHJIHOTO ITOJIIMEPY, YTBOPIOETHCS MIKPO-ME30ITOPUCTHH MaTepial. [3otepmy 3pa3ska (0) C,SHzsos-
TiO2 (120/370) (puc. 6, xpusa 1), orpumanoro 3 3['PC 6e3 H2SO4, moskna Bimnectn 1o IV Tumy (tadn. 2),
B SIKOMy IIOpM YTBOPEHI MyCTOTaMH MDK KpucTamitamMu aHarasy (puc. S a). [3otepmy 3paska
(0.32)C,SH2s04-Ti0O2 (120/370) (puc. 6, kpuBa 2), OTPUMAHOTO B IPUCYTHOCTI CipYaHOI KUCIOTH, MOYHA
Takox BijHecTH 10 |V Tumy, npore, dyeso CyTTEBO 3MEHIITYETHCS, TIOPIBHSHHO 31 3pa3KOM, OTPUMAHUM IIPU
X=0. BennunHA TEKCTYpHHX XapaKTEPUCTHUK IJs 3pa3Ka ICTOTHO 3MIiHIOIOThCA (Tabi. 2), a came
30UTBIIYETHCS Ssosn, SBET, Sweso 1 Vage, 3MEHIITYETHCS Oyeso, @ ME30MOPH MEHIIIOTO JliaMETPy YTBOPEHI
HEIIIJIPHO arJIOMepOBAaHUMH KPHUCTATITaAMU aHaTa3y, SKi YTBOPIOIOTH C(epoinaibHI YacTKH, TOII SK
Me301opH (TOPOKHUHU) OUTBIIIOrO po3Mipy chopMOBaHi TaKMMH YacTUHKaMu (puc. 5 e). 30unbienas X
B 3I'PC no 0.48 npuBoauth 10 30UTBIIECHHS Ssosn, SBET, Vaxe Ta 3MeHIIEHHS Omeso, @ IOPH B 3pa3Ky
YTBOPIOIOTHCA 3 CPepoifalbHUX YaCTUHOK, C(HOPMOBAHUX 3 arperoBaHUX KPUCTAJITIB, M0 MOXe OyTH
3YMOBJICHO YacTKOBHUM 3aMIIICHHSM YaCTUHHM aleTaTHUX TPymn Ha CcyiabdaTHi 1 ¢opMyBaHHS
TUTAaHOKCUIHOTO TIONiMepy, MoaudikoBanoro cyinbdarom. Ilpm mimBumenni X B 3I'PC mo 0.64
dbopMy€eThCs 3pa3oK, 130TepMy SKOTO MOXKHA BITHECTH A0 | THITy, XapaKTepHOTO IS MiKPOTIOPUCTHX
marepiaiiB (puc. 6, KpuBa 3), Ta 30UTbIIY€EThCS SBET, @ Ssosn Ta Vane 3MEHIY€eThCs (Tadi. 2). [Toganbiie
30impmenHs X B 3I'PC o 0.96 npu3BoauTh 10 (popMyBaHHS HETIOPUCTOTO 3pa3Ka, 130TEPMY SKOTO MOYKHA
BigHectu 1o Il tumy (puc. 6, kpuBa 4), Ta 3MEHIIIEHHS SBET, MOXKJINBO, BHaciok 3Minu pH B 3I'PC no

BEJIMYMH, IPU SKUX YTBOPIOETHCS TMEPEBAKHO TUTAHIN CyJb(daTy.

Puc. 6. [3otepmu an/mecop6uii 3paskiB (X)C,Shasos-TiO2 (120/370) mpu X = : 0 (1); 0.32 (2); 0.48 (3); 0.64 (4);
0.80 (5); 0.96 (6)
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Taoauns 2. TexkcTypHi XapakTepUCTHKU cuHTe30BaHMX 3pa3kiB HM-TiO»

Nl I < I e I
(0)C-TiO- (180/0) 0.003 6.7 125 20 165 0.2581
(0)C-TiO- (180/450) 0.008 7.6 65 20 110 0.2163
(0,05)C,N, Fapiar-ne-TiO2 (180/0) 0.001 6.8 90 20 130 0.2183
(0,05)C,N,FnHar-ur-TiO2 0.005 9.7 30 30 85 0.2224
(0,11)C,N,FnHar-ur-TiO2 0.004 14.6 10 35 65 0.2222
(0) C.Stu-TiO2 (120/450) - 5.5 55 115 0.19
(0,17) C,Sru-TiO, (120/450) - 6.0 90 120 0.19
(0,33) C,Sru-TiO, (120/450) - 6.4 70 130 0.22
(0,67) C,Sru-TiO, (120/450) - 5.7 110 130 0.20
(0) C,SH2s04-TiO2 (120/370) - 5.5 90 10 140 0.21
(0,32) C,Sh2s04-TiO, (120/370) - 4.4 65 95 190 0.35
(0,48) C,Sh2s04-TiO, (120/370) - 3.4 70 100 200 0.74
(0,64) C,Sh2s04-TiO, (120/370) - - (1.6) - 20 215 0.15
(0,80) C,Shzs04-TiO, (120/370) - - - 10 150 0.09
(0,96) C,Srasos-TiO2 (120/370) - - - 20 25 0.02

Takum unnaOM, 63 H2S04 B 3T'PC B miponieci I'TO 30510 Ta KaabIIMHYBAHHS TEIII0 YTBOPIOETHCS
MIKpOME30MNOpUCTUI MaTepian. 31 30UIbLIEHHSM X CIIOCTEPIra€TbCcsl MOCTYIOBE IEPETBOPEHHS
Mmikpomesonopuctoro wmarepiany (X =0) B mnepeBaxno wMe3omnopuctuii (X =0.32;0.48), mnorim
mikponopuctuii (X = 0.64; 0.80), 1o MoxHa MOSICHUTH POPMyBaHHSIM aMOp(HOT 000TOHKH, HIMOBIPHO, 3
TUTaHUI Cynb(ary, Ha MOBEPXHI CPEPUUHHUX CTPYKTYp, To/i K mpu Bucokux X (X = 0.96) dhopmyerscs
HETMOPHUCTHUI MaTepiai, SKUi YTBOPEHHH 3 TUTAHLT Cylb(aTy.

SIK mpaBHIIO, TiIPOTEPMANBHUI 305Ib-T€Ib CHHTE3 B NMPHUCYTHOCTI Pi3HUX MPEKYpCOpPiB JOMaHIB
HEMETaJIB J03BOJIsI€ OTPUMYBATH MiKpO-ME30MOPHUCTI MaTepiaiy 3 pO3BUHEHOIO MOBepXHEt0. B mporeci
KaJbIIMHYBaHHS 13 3pOCTaHHSIM TEMIIEpaTypH BiOyBarOTbCS 3MIiHH BEJIWYHH IapaMeTpiB MOPHCTOI
CTPYKTYpH, 30KpeMa 3MEHIICHHS NHTOMOI IUIOIII IOBEpXHi, IO MOB’SA3aHO, B TMEpHIy Yepry, 3i
30UTBIIEHHSAM PO3MipiB YaCTUHOK SIK MPaBHIIO, IMUTOMA TUIONIA TMOBEPXHI 3MIHIOETHCSI €KCTPEMANIBHO 3i
3MIHOIO  CIIBBIJIHOIIECHHS TpEKypcop Hemerany / IpeKypcop TuTaHy. 3a3BWuaii, B mporeci
T1IPOTEPMAIIBHOTO 30JIb-T€Ib CHUHTE3Y (OPMYIOTHCS MIKpPO-ME3OMOPUCTI MaTepiald 3 PO3BUHEHOIO
MTOBEPXHEIO.

Enexmponna 0ydosa ma gomokamanimuua aKmuHicmb KOOONOBAHUX — HeMemaniamu
nanocmpykmyp TiO2

Tak, B €JIEKTPOHHUX CIIEKTpax JOMOBAHUX ByrieueM i ¢ropom HanocTpykryp TiO2 B obmacTi
A>400 HMm crmoctepiraetbest (puc. 7 a) JOJaTKOBE TIOTJWHAHHA, SKE OOYMOBIIGHO, WMOBIPHO,
MmixkBy3noBuM C, skmid, sk BigoMo [1] Moxke yTBoproBaTH jokaiizoBaHi ctanu Mixk VB ta CB 6e3 3min
IMPUHKA 3a00poHEHOI 30HU [22]. B pesymbrati KamsluHyBaHHS (puc. 7 0) e MOTJIHWHAHHSA iCTOTHO
3MEHIIYEThCS, HMOBIPHO, BHACTIIOK BHJAJICHHS YaCTHHU MIDKBY3JIOBOTO BYIJICIIO B PpeE3yJIbTaTi
KaJIbIIMHYBaHHSI.

B enextpoHHuX crektpax audysHoro BimouTTs HekanbimHOBaHUX 3pas3kiB (X)C,N,FNHar-HF-
Ti02(180/0) (puc. 7 B) crmoctepiraeThCs MOTJIMHAHHA y BHIUMIiKA obmacti crektpa (400-700 HM), 1110
MOKHA TIOSICHATH HASBHICTIO B HMX MixkBy3noBoro C y ckmami Ti-O-C rpyn [22]. WmogipHo, cmyra
nepeHocy 3apsiny (3 kucHiO Ha TUTaH) [23] 3abe3mneuye KOBTyBaTe 3a0apBiCHHS WX 3paskiB. ITicis
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KanplMHyBaHHs Takux 3paskiB mpu 450 °C B crnekrpax(X)C,N,FnHar-nr-TiO2(180/450) (puc. 7,
KpuBI 2-5) nornuHaHHA y BuAuMiil o61acTi B aianazoni 400-550 uMm ctae OinbinmM, a ais X = 0.21 ta 0.27

(puc. 7 r, xpuBi 4, 5) OLTBII YiTKO BHSABISIETHCS TOJATKOBA CMYTa (3 Amaxc ~ 440 HM), IOSABY SIKOi MOYKHA

MOSICHUTH JIOJJATKOBHM JIOIYBaHHSM MIXKBY3JIOBUM a30TOM [22, 24].

1.4~
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Puc. 7. Cuextpu: a) nornuHanHs nopomky (X) C,Fue-TiO2 (180/0) (a) i (X) C,Fur-TiO2 (180/450) (6); Criektpu
audysuoro BinoutTs 3paskis micist ['TO (8) (0)C-TiO2(180/0) (xpusa 1) i (X)C,N,Fnnar-nr-TiO2(180/0) (kpusi 2-5)
ta KanpiHyBanHs npu 450 °C (r) (0)C-TiO2(180/450) (kpusa 1) ta (X)C,N,Fnuar-ur-TiO2(180/450) (kpusi 2-5)
mpu X =:0.05 (2); 0.11 (3); 0.16 (4); 0.21 (5); crrextpu 3paskis (X) C,Stu-TiO2 (120/450) (x) mpu X =: 0 (1); 0.17
(2); 0.33 (3); 0.50 (4); 0.67 (5); cnextpu 3pa3kiB (X)C,Snzs04-Ti02(120/370) (e) mpu X = : 0 (1); 0.32 (2); 0.48 (3);
0.64 (4); 0.80 (5); 0.96 (6)

B enexktponnux cmektpax cuHTe30BaHMX 3paskiB (X) C,Stu-TiO2 (120/450) (puc. 7 n)

CTIOCTEPITa€ThCSI HEBEIMKHI 0aTOXPOMHUI 3CYB Kpar0 CMyTW NOTJIMHAHHSA, OPIBHSIHO 3 HEJAONOBAHUM
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anara3om. [lomatkoBe moriuHanHs B o0nacti 400-600 aMm B enekrporHOMy crekTpi 3paszka (0) C,Stu-
TiO2 (120/450) (puc. 7 a, xpuBa 1) Moxe OyTH 0OyMOBIICHO HasBHICTIO B HhOMY MixkBY3noBux Ti-O-C
TPy, U0 MPU3BOJMTS, K BioMo [5, 22, 25], no nepekpuBanns O2p i C1s craniB Ouns kpato B3 anarazy
111 6aToxpomumii 3cyB B C-TiOz2. Eg 3paska (0) C,Stu-TiOz2 (120/450) cknamae 3.09 eB i nemio 3HUKYETHCS
10 3.07 eB B 3pa3kax, OTpUMaHHUX 3 30JIb-T€JIb CUCTEM, 1110 MicTATh TU. Hesnaune 3meniienus Eg B (X)
C,Stu-TiO2 (120/450), mopiBasaao 3 (0) C,Stu-TiO2 (120/450) moxkHa mnosCHUTH (HOPMYyBaHHIM
nomimkoBux craHiB cipku Hany B3 TiO2 [5, 22, 25]. Haseuicte wmixkBy3noBux Ti-O-C rpyn abo
cynbdataux rpyn B TiO2, sk Bimomo [5, 22, 25], Takox Moxe OyTH NMPHUYMHOKO MOSIBH JIOKAIi30BaHUX
craniB B 3a3opi Mix B3 i 3II, mo 3abe3neuye migBUIIEHHS YyTJIMBOCTI 3pa3KiB 10 CBITJIa BUIAUMOTO
niama3oHy i DKAV'S,

B enekTponHuX crniekTpax HaHOCTPYKTYp C,SH2s04-TiO2 (puc. 7 €) 0aTOXpOMHHH 3CYyB Kparo
CMYTH TIOTJIMHHS 3yMOBJICHHI HAsBHICTIO MIDXKBY3JIOBOTO alleTaTy. B eleKTpOHHHX CHEKTpax 3paska 3
X =0.32 (puc. 7 e, kpuBa 2), CIOCTEPIraeTbecs TIIMCOXPOMHUM 3CYB KparO0 CMYTH IOTJIMHAHHS, TIOPIBHSIHO
3 (0) C,SH2s04-TiO2 (120/370), anme 30epiraerbes morauHanHs mpu A > 400 HM, 10 MOKHA MOSCHHTH
3aMilleHHAM YacTHHU MikBY310BuX Ti-O-C rpyn Ha Ti-O-S (cynbdarni). Ipu 36insmenni X 8 PC (0.48;
0.64; 0.80; 0.96) B enexTpoHHMX crieKTpax (puc. 7 €, KpuBi 3-6) crocrepiraerbes J0AaTKOBHUI 3CYB Kparo
CMYTH 1 3’SIBJISIETHCS IOMITHE TIOTJIMHAHHSA y BUIUMIii o0macti (A > 400 um), sike 00yMoOBIIeHE, HIMOBIpHO,
36inbireHHsIM BMicTy TIOSO4-H20 (3abapBieHOro B )KOBTHI KOJTip) B WX 3pa3Kax, KU MOTJIMHAE CBITIIO
BUAMMOro miama3oHy. KpiMm mporo, yactuna mikBy3moBux Ti-O-C rpym 30epiraetbcsi Takok Ha (GoHi
301IBIICHHS KITBKOCTI MiXKBY3110BUX Ti-O-S (puc. 7 €), 110 € 10JaTKOBUM (aKTOPOM, KMl 3a0e3reuye
3IaTHICTh IMX 3pa3KiB MOTJIMHATH CBITJIO BHIUMOTO JI1alla30Hy.

®dorokaramitnuna aktuBHicT OKAYYVS {DCY 3paski (X) C,Fur-TiO2 (180/0) B mporecax
(OTOOKMCHEHHS JOKCUIMKITIHY 3pocTae (puc. 8 a) i3 30inbmenHsM X B 3I'PC 1 nocsrae 46 ta 60 %. Le
00yMOBJICHO 3POCTaHHSAM BMicTy aHaTasy, KuibkocTi Ti-F 3B’s3kiB Ta Ti-OH rpynm 1 3MeHIICHHSIM
PO3MipiB KPUCTAITIB i3 30imbIIenHaM X, a y Bunagxy ®KAY'S mie i 3pocTaHHsIM BMicTy MiXkBY3710BOTO
BYTJICIIIO.

B pesymprati kamemuayBaHHs < OKAYVYVIS {DC}, nopismsmo 3 ®KAYYVS {DC}
HEKAJIBIIMHOBAHKUX 3pa3kiB (puc. 8 0), 3MeHmyeTbest BiamoBimHo 1m0 5-10 % 1 1-2 % (puc. 8 0), mo
MOKHA MOSCHUTH CIIKaHHAM YaCTUHOK 1 TpaHC(hOpMaIll€l0 IUIaCTUHYACTUX CTPYKTYpP B chepoinaibHi,
3pOCTaHHAM PO3MIpiB KpHCTaliTiB, pyiHyBaHHs =Ti-F 3B’s3kiB i yTBOpeHHsS ae(deKkTiB (KHCHEBUX
BAaKaHCiif), M0 CIYrylOTh IeHTpaMu pekoMOinamii map e /h*, pyliHyBaHHAM BaXJIMBHX JUIs
¢dotokatanizy Ti-OH rpyn Ta 3MeHIIEHHSIM NOTJIMHAHHS CBITJIa y BUIMMIN 001acTi, a TAaK0X YaCTKOBOIO
BTpaTol0 MiKBY3s0Boro C, sxuii 3abe3nedye MOMNIMHAHHSA Yy BUIUMIA o0macti, 1, HMOBIpHO,
MOTIPIIEHHSM TEKCTYPHUX XapaKTePCTHK.

3 maseseHnx pesymbraTiB o DC (puc. 8 6) BuanO, mo i3 3poctanHam X ix ®KAYYVIS {DC}
smenmyethesa Ak a1a Tw = 0 °C, Tax i ansa Tk = 450 °C, excrionenniitno. Bucoka ®KAV'S 06ymosnena
HasBHicTIo MikBy3nmoBux C, N [26]. Cepen nocmimkennx (puc.86) Haiienma ®KAYVYVIS {DC}
cnocrepiraetecst s HanorerepocTpykryp (0)C-TiO2(180/Tx) 1 (0.05)C,N,FnHar-nr-TiO2(180/0), siki
MicTaTh (asy Opykity (BimmoBimHo 15, 15 1 5%, Tabn. 1), mo MOXXKHA MOSICHUTH TO€THAHHIM
KpUcTamiuHuxX (a3 aHarazy Ta OpyKiTy, $5Ki, SK BIJJOMO, 3YMOBIJIOIOTH IIBUJAKE pPO3IUICHHS
¢ororeneposanux nap € /h* 3ausiku pisuuii B eneprisix B3 ta 311 miist anatasy i 6pykiry [16], a Takox
HAMEHIIMMH PO3MipaMH KPUCTAJITIB Ta 4aCTHHOK (Ta0i. 1), HaWOUIbIIMMU SpeT Ta Sweso (TaOIN. 2).

3Beprac Ha cebe ymary Toii dakt, mo ®KAY{DC} 3menmyeTscsi eKCHOHEHIHHO i3 3pOCTaHHAM
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X (0-0.21), sx i ®KAV'S{DC} nna (X)C,N,FnHar-nr-TiO2(180/450). B Ttoit xe uac, DKAVS{DC} ansa
(0.05)C,N,FnHar-nF-Ti02(180/0) € Bumioro, Hix mamst (0)C-TiO2(180/0), a ans KaablIMHOBAHHUX 3pa3KiB,
HaBnaky, € Hwk4o10. Lle moxxHa mosicauTH BiacTyTHICTIO B (0.05)C,N,FnHar-nr-TiO2(180/450) daszu
OpyKITY 1 3MEHIIEHHSIM BMICTy MikBY310Boro C B pe3ynbraTi KanbUuHyBaHHS. OCKUIBKHA BiIOMO, IO
dopmyBannst Ti-F 3Bsi3kiB, sKi 3aBASKM CHJIBHIN 3[JaTHOCTI BIATATYBaTH €JICKTPOHH 3yMOBIIOIOTH
3HMKEHHSI peKoMOiHaIil (OTOreHepoBaHUX EJEKTPOHIB Ta AIPOK CIPUSAIOTH YTBOPEHHIO BiabHUX OH'
panukanis [18], Mmoxkua Gyso ouikyBatu, mo i3 3poctanHaM X 3poctatume ®KAYYVISIDC} npunaiimi
st (X)C,N,FnHar-nr-TiO02(180/0). Opnak, sk BugHo 3 (puc. 8 0) crocTepiraeTbcs 3MEHIICHHS
CDKAUV/V'S{DC} 13 3pocTaHHsAM X SIK JUIS HEKaJbIIMHOBAHUX, TAK 1 KANBIIMHOBAHUX 3pa3kiB. [loripiieHHs
DOKAYWNS i3 3poctannam X 06yMOBIEHO TOTIipIIEHHSAM TEKCTYPHHX XapaKTEPUCTHK i 30iMbIICHHAM
po3mipiB KkpucTaniTie, a y Bumaaky ®KAV'S me i 3meHmennam BmicTy Mixksysnosoro C. Ilicns

AUV/VIS

KaJIbIIMHYBaHHS NIpU 30€peKeHHI 3arajibHOl TeHAeHIIi 3MiH (puc. 8 6) K BIJIMOBIAHUX 3pa3KiB

3MEHIIYETHCS, 10 OOYMOBJIEHO pyiHHyBaHHsM mnoBepxHeBux Ti-F 3B’sa3kiB i Ti-OH rpym, ictotHum

3MEHIICHHSAM SBET Ta Smeso, 3POCTaHHSIM <d>KpHCTaiTiB Buiie 14 HM i po3mipiB HaHOYacTHHOK. Ha

AYYNVIS phachinok

AUV/VIS

Binminy Big (X)C,Fur--TiO2(180/450), siki mpakTHYHO TOBHICTIO BTpauaroTh DK
pyiinyBanHs Ti-F 3B’s3kiB 1 (hopMyBaHHSI KMCHEBUX BaKaHCIH B pe3yJsbTaTi KanbluuHyBaHHs, K
HaHOCTPYKTYP (X)C,N,FnHar-TiO2(180/450) 30epiraerhcsi, Xo4a € HHXKUYOK, HDK JUIsS BIJOBIIHHX
HEKaJIBIIMHOBAHUX 3Pa3KiB, 3aBJISIKU TBOXKPATHOMY 3pOCTaHHIO A, %, yacTkoBomy 30epexenHto T1-OH
rpyn i MmibkBy3i0Bux C, N, a Takox 30epekeHH:o (a3u OpyKiTy.

Banexnicte PKAYYVIS{DC! Bin X B PC ma s3paskax (X) C,Stu-TiO2 (120/450) wmae
eKCTpeMasIbHHUI XapakTep i jocsrae makcumymy npu X =0.17 (puc. 8 B), mns sxoro Reo”VV'S{DC}
CTaHOBJIATH, BiANOBiAHO, 54.3 % 143.1 %, mo B 2.5 1 1.3 pa3u BuIe, HiX I8 CTaHAapTHOTO 3paszka Ti02
Evonik P-25. Taky 3aeXHiCTh MOXHA TOSCHUTH 3MEHIIICHHSIM BMICTY aHaTa3y Ta 3pOCTaHHSIM BMICTY
amop¢noi ¢asu (tabmn. 1), ockinbku ®KAY{DC} 3menmyersbcs cumbaTHO 3i 3MeHIIEHHAM A, % B
3pa3ky. Ha ocHOBi 1poro MoxkHa BBakatH, mo BinmiHHOCcTi B ®KAYV{DC} 06ymoBIeHi mepeBaxHO
PI3HUM BMICTOM aHaTa3y, SKUH 3aJI€XKUTh BiJ X, OCKIJTIbKH, SIK BUIAHO 3 Ta0J. 1, 2, OLIBIIICTH CTPYKTYPHO-
PO3MIpHUX XapaKTEPUCTHK HE 3a3HAIOTh ICTOTHUX 3MiH, 3a BHHSATKOM pO3MIPYy YAaCTHHOK, SKUH
36inpmyeThest i3 3poctaHHAM X >0.33 (tabm. 1). Ipu mpomy, ®KAY{DC}! mna (0) C,Stu-TiO2
(120/450), oTpruMaHOTO B THX XK€ YMOBaX, aje 0e3 Bukopuctanus 1 U, Bumie, B mopiBHstaHI 3 (X) C,StU-
TiO2 (120/450), ne X >0.50, mio, iimMoBipHO, moB’s13aHO 3 Oinbin BucokuMm A, % B (0) C,Stu-TiO2
(120/450) B mopiBHsAHHI 3 HUMU. Makcumansaa ®DKAYY{DC} criocTepiraerses ms 3paska 3.X = 0.17, mo
MICTUTh MaKCUMaJIbHY KiIbKICTh aHaTa3y. 3MeHieHHs X B PC npu3BoauTh 0 3pOCTaHHs B 3pa3kax (X)
C,Stu-TiO2 (120/450) BMicTy cipKy- i BYIUICHBBMICTHHX Ipyn (MDKBY3JOBHX 1 Ha TOBEpXHi), sKi
TMepeIKoKAI0Th KpUCTai3alii anatasy. Icrorauit Bimms Ha DKAYY cripaBnse Takoxk Syeso (Tab1. 2), sKa
st X =0-0.33 3MiHIOETBCS CcHMOATHO 31 3MiHAMH BMICTy aHaTasy, 10, MaOyTh, OOYMOBIICHO
e(heKTUBHIIIOI a7COPOITIEI0 CyOCTpaTIB.

Sk BumHO 3 puc. 8 B, PKAVS{DC}, ax i DKAYV{DC}, excTpemManbHO 3MiHIOETbCS CUMOATHO 3i
3MiHamu BMicTy aHaTasa B (X) C,Stu-TiOz2 (120/450). Oxnak xapaktep 3min ®KAV'S{DC} B 3anexuocri
Bia X ictotHo BinpisuseTses Big ®KAYV{DC}. ®KAV'S{DC} nna X = 0.17 € pumoro, nopisasHHO 3 (0)
C,Stu-TiO2 (120/450). TIpu 3pocranHi X mo 0.33, komu BMICT aHaTa3y 3MEHIIYETHCS, a BMICT
MiKBY3JI0BHMX JOMAHTIiB 30imbiyeThes pus X = 0.33 ®KAVIS{DC} ne 3miHoerscs. [Ipu momansmomy
3poctanHi X (0.50; 0.67), konu 3pocTae BMICT JOMaHTa B MaTepiaii, aje 3MEHIIYEThCsS BMICT aHATa3zy
(tabmn. 1), ®KAV'S{DC} 3menmyersca 3 43 % (X=0.17, 0.33) no ~30% (X=0.50; 0.67) i crae
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6mspkoio 10 DKAVIS{DC} ansa TiO2 Evonik P-25 (33 %). Toit daxr, mo ®KAV'S{DC} ana X = 0.50;
0.67 Taka x, sk g TiO2 Evonik P-25, mns sixkoro mmpuna 3a6oponeHoi 30Hu (Eg = 3.0 eB) menma,
MOJKHa TOSCHUTH CyMapHuUM edekrom MikBysnoBoro C, S-momyBaHHSA, B pe3yibTaTi 4Oro IIMPUHA
3a00pPOHEHOI 30HU IHUX 3pa3KiB 3MeHIyeThes 10 ~ 3.07 eB (mabmmxkaerscs 1o Eg = 3.0 eB pytuiy), mo
Y3TOJKYEThCS 3 pe3yJIbTaTaMH €JIEKTPOHHUX CHEKTPIB, 1 MOssBOrO B po3puBi Mixk B3 1 311 mokanizoBaHux
CTaHiB, IO IMJABUIIYIOTh YYTJIMBICTh JO BHJAMMOTO CBITJa 1 YIIOBUIBHIOIOTh PEKOMOIHAIIIO PO3AUICHUX
sapsaiB [5, 22, 25]. OueBuano, 1Mo (GOTOYYTIMBICTS A0 BHUAMMOIO CBITIA, SIKA CKCIEPUMEHTAIBHO
cnocrepiraetses y TiO2 Evonik P25 (sik 1 pyTrity) oOyMOBIIeHa HassBHICTIO B HBOMY PYTHITY, SIKHI JTi€ SIK
aHTeHa U1 PO3IIUPEHHS (POTOAKTUBHOCTI B BHauMmy obOmacte [27]. 3rigHo [27] chiBicHyBaHHS
KkpuctaiitiB aHataza (Eq = 3.2eB (A < 385 um)) i pytuiy (Eg = 3.0 B (A < 415 um)) B TiO2 Evonik P-25,
3abesneuye ioro miasuiieny @KA 3aBIsky MepeHECEHHIO EIEKTPOHIB 1 JIPOK Yepe3 TPaHUII0 PO3ILTY
(a3, 1110 TOKpAIIye PO3IIEHHS 3aps/IiB i mijBUILYE ePeKTUBHICTH BUKOpUCTaHHs nap € /h™.

3 HaBeJeHHX Ha pHC. 8 I TicTorpaM BHAHO, mo 3anexHicth RV {TC} i R30V'S{TC} Big X mae
EKCTpEeMalIbHUH XapakTep 1 gocsirac MakcuMmymy (BiamoBimHo 58 % 1 52 %) Ha 3pasky (0.32) C,SH2sos-
TiO2 (120/370), mwo maitxe B 2 pasu nepesuutye RaoYVV!S nna TiO2 P-25 Evonik. ®KAYY 3paskis (X)
C,SH2s04-TiO2 (120/370) 3minroerbes B psaay X: (0.32)>(P-25 Evonik)>(0.48)>(0.64)>(0)>(0.80)>(0.96).
Makcumansay ®KAYY npu X = 0.32 Mo’kHa MOSCHUTH BENUKOI SBET Ta c(EpPHYHHMHU CTPYKTYPAMH,
chOopMOBaHUMH 3 HEIIUIBHO arjoOMEPOBAaHMX KPHUCTATITIB, IO 3YMOBIIIOE TIIBUIIEHHS aACcOpOIii
cyOcTpaty Ta 3abe3neuye eeKTUBHE OaraTopazoBe 3aJJOMJICHHS 1 pO3CIFOBaHHS ITPOMEHIB CBITJIa B 00’ eMi
chep [5]. BaxmuBy poms y ®KAYY Bigirpae Takoxk BMicT kpucTamiuHoi (asu aHatasy, SKuil €
MaKCUMaJbHUM CE€pea  JOCHIDKEHUX 3pa3KiB, OCKUIbKM ToaiOHa MopdoJioris Ta TEKCTypa
cnioctepiraetbest i B (0.48) C,SHas04-TiO2 (120/370), ame R3o 3Hmkyerbes Ha 30 % (puc. 8 r) pasom 3i
3HIDKEHHSIM BMICTy aHaTasy. BaxmusuMm umHHHKOM, o BrmBae Ha ®KAYY nocnmimkenux 3paskis, €
Takox Tekcrypa. Tak, mus X = 0.48; 0.64 He3Bakarouu Ha pi3Kke 3MEHIIICHHS B 3pa3Kax BMICTy aHaTa3y ix
®KAYY  36epiraeTthcst JocHTH BHCOKOIO (pHcC. 8T), IMOBIpHO, 3aBASKH TAaKMM TEKCTYypPHHUM
XapaKTepUCTHKaM, K SpeT Ta Vaze (Tabum. 2). Haitmmxua ®KAYY mna X=0.80; 0.96 o6ymosnena
3MEHILIEHHSIM BMICTY aHaTa3y, KpUTUYHUMH 3MiHaMu Mopdoorii (puc. 5), pyHHyBaHHSIM ME30IOPUCTOT
cTpyKTypH (pHc. 6) i MOTIpIIEHHSIM TEKCTYPHUX XapaKTEpUCTUK (TabI. 2).

Hocrmigosuicts 3min ®KAV'S s3paskip (X) C,Shesos-TiO2 (120/370) B 3amexHOCTI Bif
X :(0.32)~(0.48)>(P-25 Evonik)>(0)>(0.64)>(0.80)>(0.96) Bimpi3Hs€TbCS B MOAIOHOT 3a]I€KHOCTI JIsI
DOKAY (puc. 7 e). Busbkicts Benmaun GKAV'S s 3paskis 3 X = 0.32 i 0.48, He3Baxar0uy Ha BEJIUKY
PI3HUIIO y BMICTI B HUX aHaTa3y 1 TEKCTYpHHMX XapaKTE€pUCTHKaX 1, MepIl 3a Bce, Y BeMUUMHAX Vaxc
(Tabm. 2), iMoBipHO, 00yMOBIeHa 3poctanHsaM B X = 0.48 BmicTy MixkBy3noBux Ti-O-S (mpu 30epexeHHi
gactuau 11-O-C) Ta TuTaHUICYyIB(aTy, SKi 320€3Me4YyI0Th MMOTIMHAHHS CBITJa BHIMMOTO Jialla3oHy, i
Vane, KM 3a0e3meuye Oinbll eeKTUBHY ajacopOuito cyocTpary. B nanomy Bumnazaky 3paszok 3 X = 0.48
(six 1 3pa3ok 3 X = 0.84), iMOBIpHO, MO’KHA TAKOXX PO3IJISAATH K FE€TEPOCTPYKTYPY, L0 CKIATAETHCS 3
aHarasy i THTaHUICYIb(aTy, KUl 3a0e3nedye OUIbII epeKTHBHE PO3MdiieHHs (oToreHepoBanux € /h*
noAiOHO TOMy, SIK 1€ BiIOYBa€eThCs, HANPHKIAA, B TETEpOCTpyKTypax aHaras/Opykir [18]. Cumig
3a3HauntH, mo ®KAV'S (mma X=0.32; 0.48) e maibke BaBiui Bumoro, Hix mia TiO2 Evonik P-25.
[pyuunamu icrotHoro 3menmenns ®KAV'S g X =0.64 i, ocobmuso, ans X = 0.80; 0.96 (puc. 7 e),
HE3BaXKAIOUM Ha 3pOCTAIOuy 3[aTHICTh MOTJMHATH CBITIO BHUAMMOIO Jiana3oHy, HMOBIPHO, € iCTOTHE
MOTIPIICHHA TEKCTYPHUX XapaKTEepPUCTHK (Tabi. 2), 3MiHM Mopdodorii (Tabi. 5), 3pocTaHHd po3MipiB

HAHOYACTUHOK, 3MCHIIICHHsI BMIiCTy aHatasy (Talu. 1).
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Puc. 8. ®KAYYVS{DC} spaskip (X)C,Fue-TiO2(180/0) (a); (X)C,N,Fnmar-ur-TiO2(180/0) (uopmi croBmii) Ta
(X C,N,Fnar-ar-TiO2(180/450) (cipi crosrii) (6); (0.33) C,Stu-TiO2 (120/450) (B); (X) C,Sw2s04-Ti02(120/370) (1)

Ximiynuti cman oonanmie 6 kooonoganux nanocmpykmypax TiO2

3rigno [5], kogonyBanHs TiO2 KibKOMa HEMETAJaMH € IIIE OJHIEI0 €(PEKTUBHOK CTPATETIErO
II0JI0 PO3IIMPEHHSI CIIEKTPAIBHOTO Jialla30Hy MOTJIMHAHHS CBITJIA JIOKCUIOM THTaHY Y BUIMUMY 00JIacTh
[5]. OnnouacHe momyBanHsS (komomyBaHHs) T102 KibKOMa HEMeETaJlaMH € IIe¢ OJHIEI e(PEKTHBHOIO
cTpaTeriero 1moao 30imbineHHs dymimBocTi 1102 10 cBiTia BuauMoro mianazoHy [5]. Hampukman,
konomnoBani C, N, S-TiO2 HaHOCTPYKTYpH, SIKi SBJSIFOTH cO0OK0 MOpPOKHHCTI chepu (<d> ~ 200 um, 3
TOBIIMHOIO CTiHOK ~ 20 HM), sIKi OJEpKaHO 3 BUKOPHCTAHHSM TOPOXHUCTHX BYTJICHIEBUX cdep)
nemoHctpyBanu Bucoky ®KAV'S B nponecax doronerpananii 6appauka 6punianToBoro uepposoro [28].
ABTOpHM TOSICHWIIM 1€ 3AaTHICTIO 3pa3KiB MOTJIMHATH BHJIUME CBITJIO, sSika 0OOyMOBJIEHA OJIHOYACHOIO
npucyTHicTio 3amicHoro asoty (O-Ti-N), 3amicuoro Byrnemo (Ti-O-C), noepxnesoro S® (S04%), a
TAKOX HEBENHKMX KilbKOCTeH 3amicHOI cipku S, mo 3abesmedye 3ByxkeHHs 3a00poHeHOi 30HU [28].
Maxkcumansaa ®KAV'S crioctepiranace mns 3paska C,N,S-TiO2, skuii xapaKTepu3yeThcs HAHOIIBIIO0
Seer (329.6 M2/r) i <d>kpucTanitis ~ 12 M [28]. IMOBipHO, B IbOMY 3pa3Ky J0CATAIOTHCS ONTHMANBHHI
BMiCT KomonaHTiB Ta ix cmiBBigHomenHs. Kogomosauuii C, N, S-TiO2, mo mictuma 12.56 at %C (3a
BUKITIOUEHHSIM CTOPOHHBOTO ByTJeMio), 0.54 at % azory, 1.60 at % cipku y BHIIISIII 3aMICHOTO BYTJIEITIO
(Ti-C), 3amicuoro i mixksy3zmoBoro asory (Ti-N-O,Ti-O-N i O-Ti-N) i 3amicroro S® (zamicts Ti** B
rpatii) memoHcTpyBaB Bucoky ®KAV'S B mpomeci ¢oromerpamanii terpanumkiiny [29], sxy aBTopH
MOSICHWJIA CHHEPTETHYHUM €(PeKTOM COpOLIHHOI 34aTHOCTI IO TeTPALUKIIiHY, 3aBIISKA BEIUKINA SBET, Ta
3BY)KEHHS 3a00pOHEHOT 30HH BHACIIIZIOK KOJIOMYBaHHS, IPUCYTHOCTI BYTJICIIEBUX YaCTHHOK, SIKi CITYTYIOTh
doTtoceHcuobiTI3aTOPOM, Ta 100pe BIOPSIKOBAHOK CTPYKTYPOIO aHaTasy [29].
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Haitsuiry ®KAV'S cepen xomonopanux (X) N,S-TiO2 HaHOCTPYKTYp, SKi 0Jep:KaHO MPU Pi3HUX
crniBBigHommeHHsX X=TU/ Ti = 0-6 B PC (3 Bukopuctanusm HF), mist 3paska (2) N,S-TiO2 B mporecax
doronerpanaiii 4-xmopdenony aBropu [30] mosicHWIM cHHEpreTHYHMM e(PEKTOM ABOX (DAKTOpPIB —
IHTEHCHBHOTO TIOTJIMHAHHS y BUAUMIN 005acTi, 00yMOBIIEHOTO KOJOMAHTAMH, T4 HASIBHUX BIIKPUTHX
BucokoeHeprernynux {001} rpanei, siki 3a06e3meuyroTh acopO1i0 cyOCTpaTy Ha MOBEPXHI.

Komonosanuit N,S-TiO2 (aHara3) 1eMOHCTpYBaB IiJBHUILCHY DKAV'S, nopiBasiHO 3 S-TiO2 Ta
N-TiO2 [31]. 3rigno pesynbrariB POEC-nocmimkenns, B N, S, -TiO2 (anarta3) mik npu 402 eB
obymoBiienuii HasiBHICTIO sk NO, Tak i xemocopOoBaHOT0 HOHY aMOHIl0, a K 0:113bK0 169 B HanekuTh
kationy S®* [32]. By1no noka3aHo, 110 BAKOPHCTAHHS SIK IIPEKYPCOPIB CyIb(aTy aMOHIIO Ta TIOCEUOBUHU
s poryBaHHS 1102 € MEpCHEKTUBHUM JUISL BIAMOBIAHO KaTiOHHOTO S Ta aHioOHHOro N-KOmOmyBaHHS
nanouactuHOK Ti02 [5], [32]. Buma ®KAV'S N,S-TiO2 {001} manOomIacTHHOK aHaTa3y 6yna 06yMOBIEHA
e(CKTUBHUM 3BY)KCHHSIM 3a00poHeHOi 30HHM 3a jgornomorowo (S, N)-kojaomyBaHHS Ta ONPOMIHEHHS
Bucokoenepreruunux rpadeit (001) [30]. Bucoxy ®KAV'S N,S-TiO2 manocTpykTyp B HpoIecax
doronmerpanaitii  i0ynpodeny Ta HampokceHy aBTopu [33] MOSCHMIM KpamMm PO3IUICHHSIM
(doTOreHepOoBaHMX 3apsAiB Ta OUTBIIUM TOTJIMHAHHSAM BUMMOTO CBiTJa, SKi O0yMOBIIEHI CHHEPT1UHUM
eexToM KomomaHTiB a3ory i cipku. Haiieumy ®KAV'S cepen xomomosamux (X) N,S-TiO2 (0.02)
N,S-TiO2 HaHOCTPYKTYp, 5IKi oziep»ano npH pisHux criBBigHomennsx X=TU/TiO2 = 0.01-0.03 B PC (3
Bukopucranusam HF), anst 3paska (0.02) N,S-TiO2 B npouecax ¢poroaerpaaanii ponaminy B aBropu [33]
MOSICHUJIA CHHEPTETUYHUM €(PEKTOM JBOX (PaKTOPiB — IHTEHCUBHOTO TIOTJIMHAHHA Y BUIUMIH 001acTi, sike
3abe3nedyeThcs HasBHICTIO 3amicHoro aszoty (O-Ti-N), i 3amicoro S®* (3amicts Ti** B rpartui), a Takox
HEBEJIMKHX KiIbKOCTeH 3aMicHOT cipku S%, Ta HasBHUX BifKpUTHX BHcOokoeHepreTnunux {001} rpaneii,
K1 CIYTYIOTh pe3epByapoM JUIst (pOToreHepoBaHUX 3aps/IiB 1 YIOBUIBHIOIOTh X peKOMOIHAILIIO.

OnepskaHi 301b-reb MetooM miiBku C, N-TiO2 susnsnu Bucoky ®KAV'S npu poronerpananii
creapuHoBoi kucinotu [30]. Mikponopucti mikpochepu C, F-TiO2 nemonctpysamu Bucoky ®KAV'S s
npoueci naerpagamii ctupony [34]. Mesonopucti iepapxiuni C, S-TiO2 Takok IeMOHCTpYBalH
mimsumenas GKAVY'S {MB} [35]. Ha ocnogi pe3yabrariB mociimkernas POEC C, N-kogonosanux TiO2
Ta TEOPETUYHUX PO3pPaxXyHKIB BHUSBJICHO, IO OJHOYACHE JOIYBAaHHS BYIJVIEHEM 1 a30TOM CHpUSE
MOKPAIICHHIO TOTIMHAHHS CBITIa BUANMOTO Jianma3ony ax 10 700 um [5].

Cepen oxep:kaHUX Ha CHOTOJIHI KoAomoBaHUX HeMeTanamu HaHOCTPYKTYyp C, N, S-TiO2 ta N, S-,
N, F-, C, S-, C, F-, S, F-TiO2 naii6inein gocuimkenumu € N, S-TiOz, 17151 sKMX OCHOBHHUMH NMPEKYPCOPaAMU
JonaHTiB € TiocedoBuHa [36] Ta cynbdar amoHiro [32], siki 3yMOBIIIOIOTH aHIOHHE JIOMYBaHHS a30TOM 3
yreopennsM N-O 3B’a3kiB Ta KaTioHHe JONMyBaHHs cipkoro y Burmsai SO4% rpyn Ha mosepxni [32].
[TokazaHo, 110 Taki MeTepialu 1eMOHCTYIOTh MiBUIICHY ®KAV'S B mpolecax Jaerpanaiii pogaminy 6K
[32] Ta MO [36].

B xomomoBanux N, F-TiO2 HanocTpykTypax omgHouacHe BBeaeHHS N i F B 3aMicHI momoxeHHs
3YMOBJIIOE€ BUTpalll eHeprii 01u3pK0 2 B 3a paxXyHOK MepeHeceHHs eJIeKTPOHA 3 BUCOKOJIeKAYNX CTaHIB
Ti** (inaykopanux F-momysaHHAM) Ha Hu3bKodexkaui N 2p cTaHu, 06yMOBIIEH IPUCYTHICTIO 3aMiCHOTO
N [5], [22]. Lle ayxe cxoxe Ha Te, mo BimbyBaeThcs Mik yacTunkamu N ta Ti®*, axi mom’s3ami 3
BHYTpIIIHIMHU Ae(eKTaMu, TaKUMH SIK KUCHEBl1 BakaHcii. TakuM umHOM, y mpUCyTHOCTI F sk momaHTty
HeMae HeoOXIHOCTI TeHepYBaTH 3aliBi €ICKTPOHU 3 KHCHEBHX BaKaHCIi a00 MIXKBY3JIIB TUTaHy [22], m1o
Ma€ BHpIIIATbHE 3HAYCHHS IS 3MEHIICHHS YTBOPEHHS TOYKOBUX Ne(eKTiB mij yac nomyBaHHS 1102
a30TOM 1 TIO3UTHBHO BIUIMBAE HA IIBUJIKICTh pekoMOiHaii (porocTabinbHicTh 30ymkenoro T102) 1, oTxe,

Ha (oTOoKaTamiTU4HI BiIacTHUBOCTI Matepiany [22]. Kpim Toro, F-momyBaHHS MO3MTHMBHO BIUTMBA€E Ha
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3MEHIIICHHS CHEPIreTUYHUX BUTPAT HA BBEICHHS a30Ty B rpatky 1102 (Bix 5 eB mo menmie Hix 3 eB), mo
TaKOX OYJI0 JOBEJICHO EKCIIEPUMEHTAIBHO: 32 OJJHAKOBUX CHHTETHYHUX YMOB B IIPUCYTHOCTI F BBOIATH
ounpiry kimekicte N B TiO2 [22]. TTokazano,mo kogomosani N, F-, C, F-,; S, F-TiO2 HaHOCTpYKTYpH
neMoHCTpyIoTh Bucoky ®KAV'S B mporecax nerpazartii 6apBHUKIB 32 paxyHOK CHHEPTETUYHOTO e(heKTy,
1110 TIOSICHIOETHCST OJIHOYACHOIO MPHUCYTHICTIO qoHOopa enekTpoHiB (F) i akuenropa enexrponis (N, C, S),
SK1 B3a€EMOJIIOTh HUIXOM BHYTPIIIHBOIO MEPEHOCY 3apsily Ha BEJIMKI BiJICTaHI, HOAIOHO 10 TOro, L0
CIIOCTEPIraeThCs IPU B3a€EMO/Ii1 HEMETAJICBUX JAOMIIIIOK 3 KUCHEBUMH BakaHcisiMu [5], [37]. Takum unHOM,
poyib ogHOTO nomaHTy (Hampukian, N) momsrae y 30UIBIICHHI 3JaTHOCTI JO TOTJIMHAHHS BUIAMOTO
CBITJIa, B TOM Yac SK POJIb APYroro nomnanta (Hanpukiag, F) momisrae B kommneHcalii 3araibHOi KUTBKOCTI
CIICKTPOHIB, 10 € e(HEKTUBHUM CIIOCOOOM YHUKHEHHSI YTBOPCHHS HeOakaHuX JnedekTiB rpatku [5], mio i
symoBmoe migsumenHs @OKAV'S, ockinekum mBHAKicTH pexoMOiHAIii  emeKTpoH/mipka HpAMO
MPOTOPIIIHO 3aJICKHUTh Bl HASSBHOCTI Ie(eKTiB rpatku [5].

Ha cborogHi IuCKyCiiHM 3allMIIa€TbCcs NUTAHHS CTOCOBHO XIMIYHOIO CTaHy [OIAHTIB B
HaHOCTPYKTypax TiO2, OCKIIbKK caMe BOHU BU3HAYAIOTh XIMIUHY MPHUPOY MMOBEPXHI TAKUX MaTEpiaiB,
1, BIATOBITHO, 3yMOBJIIOIOTH Ti UM 1HIII XIMI4HI BIACTUBOCTI IIUX MaTepialiB.

Sk mpaBmiio, cuHTE3W HAHOCTPYKTYp TiO2 B MPHUCYTHOCTI IUIABUKOBOi KHCJIOTH 3YMOBIIOTH
yTrBOpeHHs Ti-F rpyn Ha moBepxHi, AKi B MPOLEC] KAILIUHYBAaHHS PYWHYIOTBCS 3 YTBOPEHHSM KHCHEBHX
Bakamciit (Ti*").

B o6macri gactor v ~ 1000-450 cm ! B IU-criexTpi cBiskeoaepkanoro 3paska (1.54)C,Fre-TiO2(180/0)
(puc. 9 a, xpuBa 1) mpUCYTHI XapakTepHI CMYTH, SIKI MOXKHA BIJJHECTH 10 BaJCHTHHX KonuBaHb Ti-O
kapkacy [38], a Takox 10 aedopmaniiiamx xommBamb Ti-OH Ta/ a6o Boam (1630 cm™) [38] i
MikBy3nosoro Ti-O-C (1045 cm™t) [19]. Cmyru B o6macti v ~ 3600-3000 cm! moxHa BimHecTH 10
BAJICHTHUX KONMMBaHb BoH [38], a mueue 6mu3pko v ~ 890 e moske GyTr BimHeceHo [39] 10 KonuBaHb
Ti-F. B pe3ynbraTi KaJbl[MHYBaHHS 3MEHIIYETHCS BIJHOCHA IHTCHCHBHICTH CMYT, IIO BIJHOCSATBCS JIO
BaJICHTHUX 1 JaedopmarliiftHux koiauBaHb Boau Ta /abo Ti-OH, Ti-O-C (puc. 9 a, xpusa2). To6To
BHACIIIJIOK KaJbIIMHYBaHHSA 3MEHIIYETbCS CTYHiHb TiAPOKCHIIOBAaHHS moBepxHi TiO2 1 BMICT
mixBy3oBoro C. Kpim Toro, BincyTricTs B IU- cHeKTpi KalbIMHOBAHOTO 3pa3ka mieda 6mmsbko 890 cmt
MoOke OyTH 3yMOBIIEHa BUAAJICHHAM (TOPHI-I0HIB BHACTIIOK pyiHyBaHHAM =Ti-F 3B’s13KiB, 0 3rigHO
[40] npuBoauTH 10 GpopMyBanHS aKTUBHUTX Ti**-1IeHTpIiB (KHMCHEBUX BaKaHCii).
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Puc. 9. I49- cmextpu BuximHoro (1.54) C,Fue-TiO; (180/0) 3paska (kpuBa 1) i (1.54)C,Fne-TiO2(180/450)
(xpuBa 2); 6, B) 1°F SIMP cnextpu nyskHuX MaTouHuX po3unHiB (1.54) C,Fue-TiO2 (180/0) (6) i (1.54) C,Fue-TiO2
(180/450) (B)
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3pa3ok (1.54)C,FHr-TiO2(180/0) 00po6siiin riApOKCHIOM KaJlito 1 0JIepKYBaJIHl PO34MH, B CIIEKTPI
F IMP (puc. 9 6) sikoro npucyTHiii TuNoBHiA A5 MyskHOro posunny KF [41] omgun cunrneTHuii mik (mpu
BEJIMYMHI XIMIYHOTO 3cyBY -119 ppm). ToOT0, B pe3ynbrari 00poOku TiO2 iyromM B pO3YMH MEPEXOIATh
¢dTOpBMICHI (parMeHTH, IO MICTATh (TOPHI B EKBIBAJICHTHOMY XIMIYHOMY OTOYEHHI, L0 MOXeE
CYIPOBOIKYBATHCh TiIPOKCHIIIOBAHHAM TOBEPXHi miokcuay Tutady. B cmexrpax °F SIMP (puc. 9 B)
aHAJIOTIYHOTO PO3YHHY, OJICPKAHOTO 3 KaJbIIMHOBAHOTO 3pa3ka, IHNTEHCUBHICTh CUTHANY siiep aTomiB F
3HAYHO 3MEHIIyeThes. Lle y3romKyeTrbes 3 BUCHOBKOM, 3pOOJICHMM Ha OCHOBI pe3ynbraTiB POA Ta
I4- ciektpockormii crocoBHo BuaaneHHs ioHiB F~ 3 (1.54) C,Fur-TiO2 (180/0) mpu kanblHYBaHHI.

BukopucTaHHs anbTepHATUBHHUX JDKEpes (TOPY 3yMOBIIOE, SIK MPABUIIO, KOJAOMYBAaHHS 1HIIUMHU
HeMeTa (ByriemneM abo a30ToM).

Jlnst BU3HAYEHHsI XIMIYHOTO CKJIady Ta ineHtudikaiii ximigyaoro crany aromiB C, N, F, O, Ti B
onepxkanux T102 HaHOCTpYKTYpax Oynu mociimmkeHi ix POEC na npuknani 3paskis (0.05)C,N,FNHar-nF-
TiO2(180/0) (puc.10a) ta (0.05)C,N,FnHar-nr-TiO2(180/450) (puc. 10 6). fAx BumHO 3 (parMeHTIB
orysnoBux cnekTpis (puc. 10 a, ) B POEC 060x 3pa3kiB npucyTHi 4iTki miHii enemenTiB Ti (460-465 eB)
10 (~ 530 eB), a Tako curHaau MeHIO1 iHTeHCUBHOCTI aToMiB enteMeHTiB C, N, F (BianosigHo ~ 285 ¢B,
~400 eB, ~685¢B). Haspuictes mikiB B obmacti eneprii N1s, F1s, C1s, moxHa BigHECTH 0
MixkBy3noBoro asory [42] (puc.106), =Ti-F 3B’sa3kiB Ha moBepxHi (puc. 10 B) [43], cToponHiM
(adventitious) Byrieunem (tumoBuii miamaszon 284.5-285.0 eB), mkepemom sfKOoro, sk IpaBHIO, €
ajicopOoBaHi MOBEpXHEI0 3 arMocdepu AOMIIMIKOBI opraniuni crmonyku [44], [45] Ta MixkBy3710BOrO
kapOoHaty abo kapOoHaTy Ha moBepxHi 3paska [44], [45]. HasBuicte B oOmacti enepriii Ti2p aBox
iHTeHCUBHUX MiKiB rpu 459.2 Ta 464.9 eB (puc. 10 1), sixi € ckmagoBumu ayoinety Ti2psez ta Ti2pie2 [46]
MepEeKOHINBO CBiUMTH MPO Te, IO THTAaH B 3pa3Ky nepeOysae y ctani Ti**. Bmict ¢ropy B 3pasky
(0.05)C,N,FnHar-nr-TiO2(180/0) ctanoButh 1.89 %, Tomi sAK MiCHs KaJbIMHYBAHHS CIIOCTEPIraeThCs
3HmkeHHs BMIcTy F B (0.05)C,N,FnHar-rF-T102(180/450) 1o 0.49 %.

BapTo 3a3HaunTH, NOJI0XKEHHA MiKIB B CHEKTpaxX MPaKTHYHO HE 3MIHIOETHCS MICIIs KaJbIIMHYBaHHS
3paska. Takum 9uHOM, Y GTOPBMICHUX HAHOCTPYKTypax (rop nepedyBae y Burimsiai Ti-F rpyn Ha moBepxHi.

JIMCKyCITHUM  3aJTUIIA€ThCS THTAHHA CTOCOBHO CTaHy JIOMAHTIB Yy JIOTIOBAaHUX CIPKOIO
HaHOCTPYyKTypax Ti02, OCKUIbKU OHI aBTOPHU BBaXKalOTh, 110 CipKa BOYJOBYETHCS B KPUCTAIIUHY I'paTKy
aHaTazy Ha KHCHEBI a00 TWUTaHOBI BakaHCii. Y 3B’S3Ky 3 IIMM BapTO PO3TJSHYTH TpaHCHOpMAIIiIO
MIPEKYPCOPIB CIPKH B ITPOLIEC] TLAPOTEPMATHHOTO 30J1b-T€JIh CHHTE3Y 3 BAKOPUCTAHHIM METO/IIB TEPMIYHOTO
aHaJIi3y Ta TEpMOIPOTrpaMOBaHoOi AecopOiii 3 Mac-criekTpomeTpuaHuM KoHTposieM (TITA-MC).

Sk BumHO 3 puc. 11 a B Tepmorpami (0.33) C,Stu-TiOz2 (120/0) na ATA-kpuBiit crioctepiraeTbes
TpH eHI0ePeKTH (Texerp. ipu 50, 110, 190 °C), sskum BignosinawoTh eckrpemymu Ha kpuBiit JITT 1 BTpaTta
Macu Ha kpuBiit TT', iki MOXyTb OyTH BiIHECEH1 JJO BTpaTH (13UYHO Ta XIMIYHO 3B’s13aHOi Boau (ipu 50
ta 110 °C Bignosiano). Tpertiit edexrt (190 °C) moxxe OyTH BiAHECEHU A0 BTPATH 3aJUIIKIB OPTraHIuHUX
pedyoBHMH (PO3UMHHHUKIB), 10 MIATBEPIKYEThCA BIACYTHICIO IOr0o egeKTy Ha TepMorpami
KaJbIImHOBaHOTO 3paska (puc. 11 6). Ha kpusiii JITA Takoxk croctepira€tbCsi eK30€(MeKT 3 Tekerp. MpH
370 °C, sxomy Biamosigae ekctpemyMm Ha kpuBiit JITT" 1 Brpata macu Ha kpuBiii TI'. Lleit epext moxe
OyTH MMOB’sI3aHUH 3 TOPIHHAM 3QJIMIIKIB OI[TOBOI KUCIIOTH Ta 1HIIMX OPTaHIYHHUX CIIONYK, SIKI BXOJSATh 710
ckiany MAATII. HasBricts Ha kpuBiid JITA KiIBKOX eKCTpeMyMiB O0€3 BiIMOBITHUX iM EKCTPEMYMIB Ha
kpusiit JITT B o6macti 250-650 °C Moxe CBIMYUTH TPO MPOIECH TUIABICHHS 3paska, ski 3rigHo TT
CYNPOBOKYIOTHCS HE3HAYHOIO BTpaTol0 Macu B iHTepBai Temmepatyp 400-650 °C. Exctpemym Ha
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kpuBiii JITA (6mu3pko 580 °C) moxxke OyTH BiTHECEHWH 1O pyWHYBAaHHS TUTAHUICYIb()ATHUX TpyH Ha

MTOBEPXH.
Ols
o Tizp
o
T Fis
&
g
Cils
800 660 460 260 6
E, eB
a
400,3
N1s
410 405 400 395
E, eB
S
684,6
Fls [ \
690 687 684 681
E,eB
B

284,8
A

E.eB
r
] 459,2
Ti2p
464,9
471 468 465 462 459 456
E, eB
Pl

I, BigH. oA.

Tizp

T T
800 600 400 200 0
E, eB

€
685,4
Fls
690 687 684 681 678
E.eB
XK

3
_ 459,2
Ti2p
465,0
471 468 465 462 459 456
E, eB
"

Puc. 10. POEC 3paskis (0.05)C,N,Fnrar-ur-TiO2(180/0) (a-mx) ta (0.05)C,N,FnHar-ur-TiO2(180/450) (e-u): ornsnoBuit
(a, €) Ta criekTpH BECOKOI po3autsHOi 3maTHOCTI N1S (B, €); F1s (B, x); C2p (1, 3); Ti2p (u, n)
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Puc. 11. Tepmorpamu (a, 6) Ta TIIJI MC (B, T) 3pa3kis: (a, B) (0.33) C,Sru-TiO2 (120/0); (6, ) (0.33) C,Stu-TiO>
(120/450)

B tepmorpami kaneimaoBanoro 3paska (0.33) C,Stu-TiO2 (120/450) (puc. 11 6), sk i amnst (0.33)
C,Stu-TiO2 (puc. 11 a), na ITA-kpuBiii cioctepiraerbes 18a eHaoeGekt (Texerp ipu 50, 110 °C), sskum
BiJIMOB1Aat0Th eckTpemyMu Ha kpuBiit JITI" 1 BTpata macu Ha kpuBiit T, siki MOXyTb OyTH BiIHECEH1 710
BTpaTu (pi3uyHO Ta XIMIYHO 3B’s3aHO1 Boau. [lpm BHmux e Temmeparypax B Tepmorpami (puc. 11 6)
BiZI0yBatoThCst icTOTHI 3MiHu B mopiBHsHHI 3 (0.33) C,Stu-TiO2 (120/0) (puc. 11 a). Brpati mMacu Ha
kpuBiii TT' B inTepBam 150-250 °C Bignosigatoth ekctpemyM Ha kpusiit ATI (~ 200 °C) Ta ex3oedekT
(Texerp ~ 215 °C), sixka MOke OYTH BiJiHECEHA IO TOPIHHS 3aJUIIKIB OPTaHIYHUX CHOYK, SKi 3HAXOIATHCS
B ciagi MAATII. B temneparypnomy intepBami 300-700 °C srigno kpusux JTT ta TI" BinOyBaeThcs
Jenb TIOMITHa MOHOTOHHa BTpara macu. Ilpu npomy xim kpuBoi JTA, Ha sKiif criocTepiraerbes psn
HEUYITKUX eKCTPEMYMIB CBIUUTH MPO HASBHICTh JAEKUIBKOX (Da30BUX MEPEXOiB B IHTEpBal TeMIepaTyp
300-700 °C. IMpu Tekerp 6ym3bK0 730 °C Ha xpuBux ATT 1 JITA crocTepiratoTbesi €KTCTPEMYMH, SIKUM
BiJNIOBia€ cyTTeBa BTpaTa Macu Ha kpusiit TI. Lleit edekr, sk i mams 3paska (0.33) C,Stu-TiO2 (120/0)
npu 710 °C (puc. 11 a), moxe OyTu MOB’s13aHuii 3 pyiiHyBaHHsIM noBepxHeBux T1-O-SOsH rpyn [47], sxi
YTBOPIOIOTHCS BHACIIIOK OKUCHEHHS Ti-SH rpym.

B TIIA-MC cniektpax cBixkeoaepkanoro (0.33) C,Stu-TiOz (120/0) (puc. 11 B) cniocTepiraroTbest
makcumymu TII/I-MC mpodinis 3 m/z =28, m/z =34, m/z =44, ski MOKHa BiTHECTH 10 AeCOPOILIii
signmosigao CO*, H2S* ta CO2". To6to B (0.33) TiO2 (120/0) B pe3ynbrarti 301b-reb cuaresy Ta CTO
dbopmyetbest ctpykrypa MAATII, B sikomy mpucyTHi cynbdiaHi, kKapOOHATHI W, MOXJIMBO, alleTaTHI
TPy, SKi CTablIi3yI0Th HOTO CTPYKTYPY. BiM3bKi BeMUnHU TeMIIepaTyp, MPU SKUX CIIOCTEPIratoThCs
makcumymu B TITJ[-MC npodingx m/z =28, m/z = 34, m/z = 44 B mianmasoni temmepatyp 150-500 °C
BKa3ylOTh Ha Te, IO mporecu aecopobmii ta pyinyBanHs MATHII po3nounHaroThcs 3 pyrHYBaHHS

KapOoHAaTHUX MICTKIB (IPH Texerp ~ 175 °C) 1 BinOyBatOThCs B 1Ba €TAIH.
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Cnouarky crocrepiraerses aecopOuis Biamosigno CO2", H2S*, CO*(npu Texerp Bimoiguo 203,
216, 230 °C), a morim aecop6uis Bignosigao H2S*, CO*, CO2* (ipu Texerp Bimmosiano 309, 309, 317 °C).
B intepani temmepatyp 500-800 °C cmocrepiratotbes excrpemymu B TIT[-MC npodinsx 3 m/z = 44,
m/z = 34, m/z = 28 (1pu Texerp 639, 653, 688 °C) Bigmosiguno CO2", H2S*, CO*. Cnix 3a3HaunTH, mio B
TII-MC npodini 3 m/z =18 (H20") uum TpboM TpynaM eKCTPEMYMIB BiIIOBIIal0Th EKCTPEMYMH TIPU
Texerp 200, 315, 680 °C, 1m0 cBigYUTHL PO B3aEMOIOB’ A3aHicTh npouecis aecopouii CO™, H2S*, CO2* ta
H20". JlecopOitist JIeBOBOT 4aCTKH MPOIYKTIB B HEKAIBIIMHOBaHOMY 3pa3Ky (puc. 11 B) BinOyBaeThes B
ob6nacti Temneparyp 150-500 °C B aBa eramu - npu Texerp ~ 203, 216, 230 °C (Biamosigno CO2*, H2S™,
CO") 1a mpu Texerp ~ 309, 309, 317 °C (Bigmosigno H2S*, CO*, CO2"), mo o6ymoBiIeHO, HMOBIpHO,
MOCTYIIOBHM PYWHYBaHHSM MOHOJICHTATHUX Ta MICTKOBHUX aIleTaTHUX, KapOOHATHUX, a TaKOXK
CyJb(pITHUX FPYIL.

B TIIJI-MC (0.33) C,Stu-TiO2 (120/450) (puc. 11 1), na Biaminy Bix (0.33) C,Stu-TiO2 (120/0)
(puc. 11 B), He cnocrepiraerbes npodine 3 M/z =34, axuii Bigmosigae aecop6uii H2S*. Hatomicts
3’SIBJISETHCS TPOPIIbL 3 M/Z = 64, sKuil MOXKHA BigHecTH 10 AecopOuii SO2°. 3 1pboro MokHa 3pOOUTH
BHCHOBOK TIPO T€, IO B MPOIECI KaJbIIMHYBAaHHA Ha TOBITPI Cynb(ITHI TPYNMH OKUCHIOIOTHCSA 10
cynbdataux. B TITIJI-MC (0.33) C,Stu-TiO2 (120/450) (puc. 11 1) TakoXk CIIOCTePIraloThCss MAKCUMYMH
TII-MC npodinie 3 m/z = 28, m/z = 44, m/z = 18, sxi MoxHa BigHeCTH 10 Jecop6uii Bixmosigano CO*,
CO2", H20". Pa3oM 3 THM iHTEHCHUBHICTB IIUX IIKiB € CyTTEBO HUKYOI0 y OPiBHSAHHI 3 puc. 11 B BHACIITOK
TOTrO, IO B Tpoleci KanbuuHyBaHHSA npu 450 °C 3HauyHA YaCTHHA BIANOBIAHUX TPYN BUAAISETHCA 13
3paska siK 11e BUIHO i3 Tepmorpamu 3paska (0.33) C,Stu-TiO2(120/0) (puc. 11 a), 3rimHo sikoi ~ 90 % macu
BTpayaeThcsi mpu ioro HarpiBanai g0 450 °C. 3rigao TIIA-MC npodimis 3 m/z =18 ta m/z =28
necopouis H20" ta CO™ BigOyBaeTbcs CHHXPOHHO TPHU Texerp Bignosiano 6ams3eko 120 °C ta 110 °C. B
TITA-MC npodii 3 m/z = 28 criocTepiraroThes mie I’ STh EKCTPEMYMIB MPH Texerp OTU3BKO 254, 352, 444,
471, 615 °C, 3 skuX TpH OCTaHHI CriBmagaroTh 3 ekcrpemymamu B TTI/I-MC npodiini 3 M/z = 44 tiput Texerp
omusbko 439, 472, 617 °C, sxuii Bignosinae gecopouii CO2". JIo 1MX TPhOX EKCTPEMYMIB TaKOXK OJIM3bKi
exctpemymu B TITJI-MC npodini 3 m/z = 64 npu Texerp Ou3bko 429, 461, 645 °C, sxuil Bianosinae
necop6uii SO2*. 3 ypaxyBanusMm Toro, 1o 3pa3ok (0.33) C,Stu-TiO2(120/450) (puc. 11 1) 3rigHo gaHux
peHTreno(}a3oBoro anaiizy Mictuth 95 % anarasy aecop6uis CO*, CO2*, SO2* moxe OyTH BiHeceHa K
710 THTEPCTHITIATBHUX, TAK 1 10 TOBEPXHEBUX JOMYIOYHX KAPOOHATHHUX 1 CyIb(aTHUX rpym. TakuM 4uHOM,
pe3yapTaTH TepMorpaBiMeTpuuHoro aHam3sy (puc. 11 a, 6) ta TII/I-MC (puc. 11 B, T) cBimuaTh mpo
HAasIBHICTH B OJIEpKaHUX 3pa3Kax Pi3HUX BYTJICIb- Ta CIpKYBMICTHHX rpyIl. Panime nmpu qocmimkenHi TTT/]
ancopboBanux H2S ta SO2 na nosepxHi TiO2 [48] Oyio mokasawo, 1mo HzS Ta eneMeHTHa cCipka MOXYTh
OKHMCHIOBATUCh JIOKCHAOM THTaHy 1 mo aecopOitiss H2S BinOyBaerscss mpu Teckrp ~ 150 °C [48].
BpaxoBytoun 11e, a Takox HasiBHICT B TTIJ] MC mpodini 3 m/z = 34 (puc. 11 B) mis (0.33) C,Stu-TiO2
(120/0) exctpemyMiB (Teckrp ~ 216 °C Ta 309 °C) MOKHA BBaKaTH, 110 CipKa, sKa € JpKepenom st HaS™,
€ He aicopOboBaHOI0, a XIMIYHO 3B’s13aHOM0. [le miaTBepmKyeThes pe3ynbraramu POEC anamizy.

Jliis BU3HAYEHHS XIMIYHOTO CKiaay Ta imeHnTtudikarii ximiunoro crany aromiB C, N, S, O, Ti B
onepxanux Ti02 HaHOCTpyKTYpax Oynu mocmimkeri ix POEC Ha npuknani 3paskis (0.33) C,Stu-TiOz2
(120/0) (puc. 12 a) ta (0.33) C,Stu-TiO2 (120/450) (puc. 12 6). Sk BuAHO 3 (parMeHTIB OTJISIOBUX
crnekTpiB (puc. 12 a, 6) B POEC 0060x 3pa3kiB nmpucyTHi 4iTki miku enemeHTiB Ti (460-465¢B) 1 O
(~ 530 eB), a Takox cHrHaIU MEHIIOI IHTeHCUBHOCTI aromiB eiaemenTiB C, N, S (BimmosigHo ~ 285 eB,
~400 eB, ~ 170 eB), axi moxyTh 3’siBuTHCcs B POEC rento B pe3yibTari COJbBOTEPMAILHOI 00POOKH
30J110, SIKAM MiCTHTh TIOCEUYOBHMHY, €TaHOJ, OyTaHON BHACHIAOK iHKopmopailii B TiO2 aromis C, N, S.
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Ockinsku B POEC (0.33) C,Stu-TiO2(120/0) Ta (0.33) C,Stu-TiO2(120/450) criiBBiIHOIIEHHS aTOMHHX
% Ti/O, po3paxoBanux 3 ypaxyBaHHsM Ti-O rparkoBoi O1S kommoHeHTH BigmoBigHo npu 531.7 eB
(puc. 12 a, BcraBka) Ta 530.2 eB (puc. 12 6, BcraBka), 3rizHo nanux PDOEC cranoButh He 1:2, a
BinmoBiAHO 1 : 1.74, B HUX criocTepiraeTbes MediluT KUCHIO, IO MOSICHIOETHCS BXOHKCHHSIM /10 CKIIATy
fioro moBepxHi okpim aromis Tutany i kuchto, s (0.33) C,Stu-TiO2 (120/0) (puc. 12 a), Takox aTomiB
C(17.1 at. %), S (0.36 at. %), N (0.31 ar. %). B ciekrpax POEC BHCOKOT pO3aiIbHOT 37aTHOCTI B 00J1aCTi
eHepriii 3B’si3ky Ti2p mpucyTHi miku npu 459.1 eB 1 464.8 ¢eB (puc. 12 a, BcraBka), 110 HaJekKaTh
BIZIMOBITHO KOMIIOHEHTaM JytuieTy T12ps2 i Ti2pi2 (459.0 eB 1464.5 eB [36]). 3Haiinena eHepris 3B’ 3Ky
Ti2p32 nosBonse ineHTHdiKYBATH TUTAH B IUX 3pa3kaX B CTyNEHi OKUCHeHHsA Ti*', a mymer MeHuIoi
IHTEHCUBHOCTI TIPU BUILUX €HEprisx 3B s3Ky (472.3 1 478.4 eB) 3 po3mmpeHnMy MiKaMH BiJIHOCUTBCS J10
wia3MoHHuX carenitiB. B POEC B obmacti Ols (puc. 12 a, BcTaBka) HasBHI JBI KOMIIOHEHTH - OLIBII
inTeHcuBHUM Tik ipu 530.2 eB (puc. 12 a, BctaBka), mo Moxe Hanexaru kucHio Ti-O pemritku (530.2 eB
[44]) i ymumpennii nik nipu 531.7 eB (puc. 12 a, BCTaBKa), AKUH MOKE BiTHOCUTHCS K J0 KapOOHATHOTO
(533.0 eB [45]) i cynbdarHoro kucHio (531.6 [49]), Tak i 10 kucHio B moBepxHeBux OH (532.0 eB [44],
532.1eB [50]) i C-O (532.1 ¢B [45]) rpynax. 3rigno orisaoBux POEC cnektpiB (puc. 12 a, 6) BMicT
aTOMIB BYTJICIIIO € aHOMAJIBHO 3aBUIICHUM 11010 IaHUX €JIEMEHTHOT'0 aHAJIi3y 1 CTAHOBUTH B 000X 3pa3Kax
o6mu3pko 30 at. %. HaiiOinpm iHTeHCHUBHHMI 3 Tphox mikiB mik (mpu 284.8 eB (puc. 12 a), mo
cnoctepiraeTbcst B crnekrpax POEC Bucokoro pospimeHHs B obOsacti eneprii C1S, B OCHOBHOMY
chopmoBanuii Tak 3BaHMM cTopoHHIM (adventitious) Byriemem (tumoBuit nmianaszon 284.5-285.0 eB),
IDKEPETIOM SIKOTO, SIK IIPaBUIIO, € aCOpOOBaHi MOBEPXHEIO 3 aTMOC(EpH AOMIIIKOBI OpraHiuHi CIIOTYKH
[44], [45]. Ockinbku peanpHUii 3arajibHUi BMicT Byriieito B 3pa3kax (0.33) C,Stu-TiO2(120/0) ta (0.33)
C,Stu-Ti02(120/450) 3rimHO 3 pe3yybTaTaMy SIEMEHTHOTO €JIEMEHTHOTO aHaJli3y CTAHOBUTH BiJIMOBIIHO
0.80% Ta 0.40 %, moxHa BBaxaTH, IO OCHOBHA 4YacTka Byrueli (puc.1l2a,0) € CTOPOHHBOIO
(adventitious) 1 He BITHOCHUTBCA IO JAOCHIIKYBaHMX 3pa3kiB. /IBa IHIIMX MIKK MPHOIM3HO OIHAKOBOI
inTeHcuBHOCTI 286.3 B 1 288.8 eB (puc. 12 a, 6) BiAnoBiaOTh MiKaM, SKi 3a3BUYAil BITHOCATH O
IHTepPCTUIIIATBHO 1HKOPIIOPOBAHOTO KapOoHaTy abo 10 kapOoHaTy Ha moBepxHi 3paska [44], [45].Cnin
3a3Haunty, mo B POEC (0.33) C,Stu-TiO2 (120/0) (puc. 12 a) moyokeHHsI MiKiB B 00JIACTI €Heprii
3B's3kiB Ti2p, O1s, C1s B mexax eHepriii ~ 0.1 eB cmiBmagaroTs 3 BiAmoBiaHuMu moj0xkeHHMH B POEC
s (0.33) C,Stu-TiO2 (120/450) (puc. 12 6), 1m0 MOKE€ CBITYUTH TPO OJU3BKICTH XIMIYHHX CTaHIB

3a3HAYEHUX €JIEMEHTIB B I[UX 3pa3Kax.
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Puc. 12. POEC-cnektpu 3paskis: (a) (0.33) C,Stu-TiO2(120/0); (6) (0.33) C,Styu-TiO, (120/450)
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[Tonoxenns eneprii 38°s13ky B obmacti S2p aymiery (170.4 eB i 169.0 eB, (puc. 12 a BcraBka) 3
KOMITOHCHTaMH CITIH-OpOITAIbHOTO PO3MICIUICHHS BIANOBIMHO S2p3/2 1 S2p12 B cnektpi POEC Bucokoi
posainbHoi 3maTHoCTi At (0.33) C,Stu-TiO2(120/0), six i gt (0.33) C,Stu-TiO2(120/450), mepeKoHIMBO
CBimuuTH Tpo XiMiummit ctam cipku sk S®* [49]. Ha nymky asropis [49], siki crmocTepiramm cxoxi
pe3ynbTaTd, e CBIIYUTh Mpo (HOPMYBaHHS MPH KaJIbIHHYBaHHI B CTpyKTypi TiO2 3aiuiikiB aHIOHIB
cipuaHoi KHCIOTH i BKasye Ha imkopmopyBamHs cipku S®* B ctpykrypy TiO2 (B MikBY3nmsx Ta Ha
MoBepxHi). SIK cB1IYaTh pe3yJbTaTH €JIEMEHTHOIo Ta TepMorpaBiMeTpuuyHoro axamizy, I4- ta POEC,
TIIJI-MC nocmikeHHs, CTPYKTypa KajdbliMHOBaHHMX 3paskiB, 30kpema (0.33) C,Stu-TiO2 (120/450),
(dbopMy€eTbCsl BHACHIIIOK pyHHYBaHHS Npu KaublUuHyBaHHI cTpyktypu MAATII, skxa yTBOpmiach B
pesyabsTati CTO 1 crabinizoBana rpynamu (ameraTom, KapOoOHATOM, CyJIb(paToM, MOJIEKYJaMU BOJIH, 1,
MOKJIUBO, CIIUPTIB), SIKUH MICTUTh TaKOX CyJdb(diJ, 110 Y3rOIKyeTbcsl 3 pesyiapraTamu [Y-,
tepMmorpasiMerpuuHoro axamizy ta POEC. 3rizno POEC Ta pe3ynbraTiB €JIE€MEHTHOIO aHamliy,
TITJI-MC B KaJbIIMHOBAaHOMY 3pa3Ky 3aJIMIIAE€THCS] HEBEIHMKA KUTBKICTh nomyounx Hemetaiis (C, S), sxi
BXOJISITh JI0 CKJIQAy MDKBY3JIOBHUX Ta MOBEPXHEBUX KapOOHATHHMX 1 cyib(arHux rpyn. B pesynbrati
KaJbIIMHYBaHHA aMopdHa (haza BTpadae 3HAUHY KUIbKICTh MOAU(IKYIOUUX TPYII, BKIIOYAIOYH CyIbpaT
(MICTKOBHIA Ta TOBEPXHEBHUIA), SIKi YTBOPIOIOTHCS 3aBISIKM OKHCHEHHIO CYJb(DiTy MPH KAIbIIMHYBaHHI, 10
CTBOPIOE EPEAYMOBH JJIsl KpHCTai3alii aHaTazy.

B IY-cnexrpax (puc. 13 a, kpusi 2-5) (X) C,Stu-TiO2 (120/450) o6macti 900-400 cmt cmyrn, ski
MOKHa BigHecTH 10 koimBaHb Ti-O-Ti kapkacy, 3poctae i3 3poctaHHsM X B PC, mo mosiCHIOE€ThCS
3pOCTaHHAM BMicTy amopdHoi ¢a3u, B sSKild 3aBISKA HASBHOCTI MICTKOBHX TPYIl KyTH Ta JIOBKHHH
3B’s13kiB B Ti-O-Ti Binpi3HAIOTHCS BiJ TakuX B aHartasi. I3 3pocrannsm X B PC B [Y-cniekTpax 1ux 3paskisB
(puc. 13 a, kpuBi 2-5) IHTEHCHUBHICTH CMYT, SIKIi MOYKHA BiZHECTH 10 KoiuBaHb 3B’s3kiB Vvi(C-O)
MOHOJICHTaTHOTO ¥ OiJICHTaTHOrO KapOOHATYy 3MEHINYEThCS, a IHTEHCUBHICTh CMYT, SIKI MOXYTb OyTH
BiJTHECEHI /10 BAJICHTHUX CUMETPHYHHMX Ta aCUMETPHUYHHUX KojuBaHb S-O 38’s3kiB v3 (1130, 1049 CM’l),
v1 (985 cm 1), v2 (469 cm ) GinentatHoro cynnsdara ta v3 (1040 cm 1) MonozxentatHoro cyisdary [38],
SIKMi ABJIsIE C00010 B oi0HMX 3paskax Ti-O-SOsH rpymu, 30i1bI1y€eThes.

Pasom 3 tum, B [H-criektpi (0) C,SHzsos-TiO2 (120/370) (puc. 13 6, kpuBa 1) croctepiraroTbes
CMyTH, SIKi MOXHa BimHecTH 10 MicTkoBHX (1595 i 1452 cmY) i GimentatHmx (1539 m 1452 cm?)
aneratHux rpyn [19]. Jns 3paska (0.32) C,Shzsos-TiO2 (120/370), oTpumaHOro B MPUCYTHOCTI
cynbdatHoi kuciotu B PC, B IU-cmektpi (puc. 13 6, kpuBa 2), mopsa 3 cMyramu ameTaTHHX TpyTl,
{HTEHCHBHICTh SKHMX 3MEHIIYETBhCS, CIIOCTEPIraroThcsd cMyru B obmacti 1250-1000 cmt i obmacri
900-400 cm 2, sixi MO’KHA BiHECTH 10 BajeHTHHX KomuBaHb S-O 38’a3kiB v3 (1195 em?), v1 (1000 emY),
v2 (474(mm) emY), va (578(mm) emt) GimeHratHOro cynbdaty, vz (430, 460(ma) e ), va (1044 cml)
MOHOJIEHTATHO cynbdaty [38], a cmyru pu v3 (1128 cm ), va (654, 606 cM 1) MOKYTH 6yTH BitHECEH] K
710 MOHOJIEHTATHO, TaK 1 0 OigeHTaTHO cyabdaty [38]. Sk mokaszaHo B poboTi [47], B moaiOHUX 3pa3kax
MOHOJIEHTaTHU# cyJbdatr sBise coboro Ti-O-SOsH rpymu. B [U-criektpi 3paska (0.64) C,SH2sos-TiO2
(120/370) (puc. 13 6, kpuBi 4) crocrepiratotbes cMyru mpu 1225, 1137, 1045, 985 em™Y, axi moxHa
BIJTHECTH /IO CUMETPUYHUX Ta aCUMETPUYHUX KoiduBaHb S-O 3B’s3KiB Cyibdar-iiony 3 cumetpieto Cav
[38]. B IU-cnektpi 3paska (0.80) C,SHzsos-TiO2 (120/370) (puc. 13 6, kpuBa 5) croctepira€Tbcsi cMyra
npu 1130 cm! 3 mmeyamu 6rmssko 1240, 1035, 1005 cm, siki MOXkKHA BiJHECTH 1O CHMETPUYHHX Ta
aCMMETPUYHMX BaJICHTHUX KouBaHb S-O 3B’s3KiB Cyibdar-iiony 3 cumerpiero Td [38].

Buxozmsun 3 1poro, MO>KHa TPUIYCTHTH, 1m0 B 3pa3kax 3 X =0.32 i X=0.64 cynsdar-iioH 3

MTOBEPXHEBUMH aTOMaMH THUTaHy 3B’SI3aHU MOHOJIEHTATHO, TOJI AK B 3pa3ky 3 X = 0.80 BiH 3B’s3aHui
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MiCTKOBO Ta GifeHTaTHO. IHTeHCHBHICTD i XapakTep cMyr B obmacti 1250-1000 cvm ! npu migsumenni X
10 0.96 3MiHIOETBCS, IO 3YMOBJIEHO 3MIHOIO CHUMETpii Cynb(dar-ioHa 3 BUCOKOCUMETPUYHOI Td, siKa
XapakTepHa Uil He3B A3aHOr0 Cyibdary, 10 HU3bKOcUMeTpu4yHOi Cov, XapakTepHOi IUIsi MICTKOBOTO i
6inentarnoro SO4>~ [38] (puc. 13 6, kpusi 3-6).
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Puc. 13. TY-cmektpu 3paskiB (X) C,Stu-TiO; (120/450) (a) mpu X=: 0 (1); 0,17 (2); 0,33 (3); 0,50 (4); 0,67 (5) Ta
3paskiB (X)C,Sh2so0s-TiO, (120/370) (6) mpu X : 0 (1); 0,32 (2); 0,48 (3); 0,64 (4); 0,80 (5); 0,96 (6)

Bucnoeku

Takum 4MHOM, B JaHiii poOOTI 3’SCOBaHO BIUIMB XIMIYHOI NPHUPOAU IPEKypcopa AOHaHTYy
((NH2)2CS, H2SO4, HF, NH4F-HF), cniBBigHomennss (X) NpeKypcopiB JOMAaHTy Ta THUTaHY
(X = kn/Ti(BuO)4) B peakuiitniii cymimi (PC) Ha ximiunuii i hazoBuil ckiiaa, MOPQOIIOTi0, po3MipH
KPUCTAJIITIB Ta HaHoyacTUHOK, Tekctypy HM-TiO2, a Takox BIUIMB LUX XapakTEpPUCTUK Ha
(GOoTOKaTATITUUHY aKTUBHICTH MPHU OMPOMIHEHI CBITIOM YJIbTpagioseTOBOTO Ta BHJIKMMOTIO JAlana3oHy
(PKAYVVIS) HM-TiO2 B mporecax GOTOOKHCHEHHS TOKCHITUKITIHY.

Bceranosiieno, mo B kogonoBaHux (X)C,N,FnHar-HF-TiO2 (180/0) HaHOCTpYKTYpax i3 3pOCTaHHSAM
X BMICT aHaTa3y HE 3MIHIOEThHCS, 30UIBIIYIOTHCS PO3MIPH KPUCTAJITIB, 3MEHIIYIOTHCS MMUTOMA ILIOIIA
MOBEPXHi, 3HUKAE ¢aza OpyKiTy, sSKuil 3a0e3nedye po3iaeHHsT (OTOTeHEPOBAHUX EJIEKTPOH-TIPKOBUX
nap, 3MEHITy€eThCsl BMICT MiKBY310BUX C 1 N, siki 3a0€3MmeuyioTh 31aTHICTh 3pa3KiB MOTJIMHATH CBITJIO
BHIMMOTO Jiama3oHy, BHachmigok woro ®KAYYVSIDC} s3menmyrotscs i3 3pocrammam X. s
Bi/IMOBITHNX KaNbIMHOBAHMX 3pa3kiB (450 °C) mi Tennenmuii 36epirarothes, ane OKAYVVIS{DC} e
MEHILIOI0 BHACIIOK pYyHHYBaHHS mNoBepXHeBUX =Ti-F 3B’S3KiB Ta NEPETBOPEHHS IUIACTUHYACTHUX
CTPYKTYDp B cepoinaibHi.

[Tokazano, mo i (X)C,Frr-TiO2(180/0) waHOCTpYKTYp IUIacTHHYACTOi Mopdoorii i3
3poctansM B PC X=HF/Ti(BuO)4 (0.62-1.54) 3MeHIIyIOTHCS pO3MipH KPHCTAIITIB, 3pOCTAIOTh KUIBKICTh
noBepxHeBux =Ti-F rpyn, BMicT aHata3zy Ta MiXKBY3JIOBOTO BYIJICIIO, SIKHH 3a0e3nedye MOTIMHAHHS
BHJIIMOTO CBiT/a , mo 3yMoBioe 30impmenas ®PKAYVVIS{DCY. Tlicnsa kansuunyBanns 3paskis (450 °C),
SKE€ CYIPOBOJDKYETbCS pYHHYBaHHAM MoBepXHeBUX =T1i-F 3B’s3KiB, 3MiHaMU MOpQoJIorii, 301IbIIEHHIM
PO3MipiB KpHCTATIiTiB, 3MEHIIEHHAM MixkBy310Boro Byrieimto, DKAYYV!S ictotHo 3MenmyeThes.

Bnepmie BcTanoBieHo, mo kojonoBaHi HaHOCTPYKTYpH (X)C,Stu-Ti02(120/0) mictare Ti-SH
Ipynu, sIKi B pe3ylbTaTi KalbHUHYBaHHS OKHCHIOIOTHCA 3 YTBOPEHHSAM MikBy310Boi cipku (S®*) Ta
MOBEPXHEBOTO CyJb(aTy, a 00’€M elIeMEeHTapHOI KOMIPKH KOJOIOBAHOTO aHaTa3y 3i 30utbmieHHIM Tk,
3MIHIOETBCSI €KCcTpeManbHO BHachimok 3MiH cmiBBigHomeHHs C/S. s (X)C,Stu-TiO2(120/450) 3i
spocrarnam X ®KAYVVIS spoctae excrionenmiitio 3i 36i1bIeHHEAM BiICOTKY aHaTa3y.
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[Tokazano, mo B aApiOHOKpucTamiuHuX chepoinanpHux HaHOCTpyKTypax (X)C,SH2s04-
Ti02(120/370) i3 3pocTanHAM X 3MEHIIYETHCS BMICT aHaTa3y, pO3MipH HOTro KPHUCTAIITIB, 3MIHIOETHCS
Mopooris, MIKpOME30IOpUCTa CTPYKTYypa TPaHCPOPMYETHCS B ME3OMOPUCTY Ta HEMOPHUCTY, TUTOMA
wionia TMOBEpXHI 3MiHIOeThCs ekcTpemanbHo (mpu X = 0.64) uepe3 yrtBopeHHs TiOSOas-xH20.
BcranoBieHo, 1m0 3i 3poctannsam X, ®KAYV{TC} smiHoeThCa cMMOATHO i3 3MiHAME BiJICOTKY aHATa3y,
a ®KAVS{TC} sHmxkyeTbcs i3 3MeHLIEHHAM BMicTy MixkBy3noBoro C ta C/S BHAC/IiOK 4acTKOBOIO

pyinyBanns TiOz i 3pocTanHs BMicTy aMopdHOi 1 Kpuctaiiunoi ¢a3u tutanincyiabdary (Ti0OSO4-xH20).
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Nonmetal doped TiO; nanostructures: preparation, chemical states
of dopants, properties

Natalia I. Romanovska, Petro A. Manoryk

L.V. Pisazhevskii Institute of Physical Chemistry of National Academy of Sciences of Ukraine
31 Nauky Aven., Kyiv, 03028, Ukraine, e-mail: nat.romanovska@gmail.com

In this work, hydrofluoric acid and ammonium hydrofluoride were used as fluorine precursors, and thiourea and
sulfuric acid - as sulfur precursors, and the phase composition, morphology, texture, and electronic structure of non-
metals doped TiO, nanostructures compared, the chemical state of dopants in the obtained materials was examined, and
the influence of the specified factors on photocatalytic activity in the processes of photodegradation of complex organic
compounds, for example on antibiotic of the tetracycline series — doxycycline, was stadied. It is shown that hydrofluoric
acid and thiourea lead to the formation of anatase, while at low ratios of ammonium hydrofluoride to titanium butoxide,
anatase heterostructures with brukite are formed, and at high ratios of sulfuric acid to titanium butoxide, the formation of
the crystalline phase of titanyl sulfate is observed. It was determined that hydrofluoric acid causes the formation Sheet-
like morphology, and the presence of sulfuric acid in the sol-gel reaction mixture leads to the formation of spheroidal
particles, which at small ratios of sulfuric acid to titanium butoxide form loosely agglomerated particles of spheroidal
morphology, which are formed from anatase crystallites. The photocatalytic activity of codoped TiO, nanostructures in
the doxycycline photodegradation process under UV and visible light irradiation was investigated and it was established
that under UV light irradiation the activity mainly depends on the phase composition and crystallite sizes, while under
visible light irradiation the activity depends from the interstitual dopants content that increase the materials sensitivity to
visible light. It was established that nitrogen, carbon and fluorine co-doped TiO, nanostructures obtained in the presence
of ammonium hydrofluoride are characterized by the presence of surface Ti-F groups and interstitual carbon and surface
carbonate, while carbon and sulfur co-doped TiO- nanostructures obtained in the presence of thiourea after hydrothermal
treatment contain Ti-SH groups, which are oxidized as a result of calcination at 450 °C are oxidized with the formation
of interstitual sulfur (S**) and surface sulfate.

Keywords: titanium dioxide, doping, sulfur, fluorine, photocatalysis, doxycycline
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Regularities of epoxidized alkyl oleates ring-opening reactions with alcohols, water
and organic acids in the presence of commercial sulfonated resins as catalysts

David Z. Davitadze, Sergiy V. Konovalov

V.P. Kukhar Institute of Bioorganic Chemistry and Petrochemistry of National Academy of Sciences of Ukraine
1 Academician Kukhar Str., Kyiv, 02094, Ukraine, e-mail: konovalovserhiy@gmail.com

Current paper deals with the use of sulfonated resins, distinguished by the porous structure (macroreticular
Purolite CT275 and gel-type CU-2-8ChS), as solid acid catalysts for syntheses of perspective components of
biolubricants via oxirane ring-opening reactions of fatty epoxides with water (hydrolysis), ethanol and i-propanol
(alkoxylation), and levulinic and oleic acids (acylation). Epoxidized ethyl and i-propyl oleates as ring opening
substrates were synthesized from used cooking oil. Reactions were carried out in batch reactor for 3 h at 100 °C
under stirring with epoxide: resin acid sides molar ratio 1 : 0.05. Reagent to epoxide ratio was 10 : 1 (alkoxylation,
hydrolysis) or 1.5 : 1 (acylation). Products composition was determined by GC, conversion and selectivity were
calculated. Number of side ring-opening reaction were revealed, main of which were isomerization to ketone and
dimerization. General observation is that porous Purolite CT275 provides higher conversion, but facilitates side
processes. Non-porous CU-2-8-CHs provided notably higher selectivity (up to 90 % for hydroxyl esters in
ethoxylation), but with many-times slower conversion, especially in case of alkoxylation with secondary alcohol.
In hydrolysis, water soaked cationites did not provide any conversion, while epoxide introduction first on catalyst
made transformation possible. Acylation proceeded in a great extent without separate catalyst and was accompanied
by dimerization, while isomerization was not observed. Gel-type resin provided only negligible growth of
conversion and selectivity. Porous resin enhanced the conversion, but mainly by side reactions intensification.
Cyclohexane as solvent facilitated slightly selective catalyst-free acylation, but with significant conversion drop.
Purolite CT275 in ethyl levulinate media favored the ring opening of epoxide with ketone function, yielding
ketal-type product.

Keywords: fatty epoxide, oxirane ring-opening, sulfonated resins, solid acid catalyst, alkoxylation,
hydrolysis, acylation, isomerization

Introduction

Epoxidation of double bonds of fatty feedstock and ring opening (RO) reactions of the formed
oxirane cycles is topical area of modern researches [1-2]. Fatty epoxides and their derivatives present the
valuable eco-friendly bio-based alternative for a number of fossil hydrocarbon-based chemicals and
functional materials. Generally, terms “fatty epoxides” (FE) or “oleoepoxides” are used both for
epoxidized vegetable oils (EVO) or animal fats and a range of their derivatives, including fatty acid esters
and fatty acids [1]. The most important direct applications of FE are plasticizers and stabilizers for
polyvinyl chloride to replace nonrenewable phthalates [1, 3-6]. They also find applications, such as
reactive diluents for paints, viscosity modifiers, lubricant additives, acid scavengers, corrosion inhibitors,
etc. [1-2, 5-7]. Variety of oxirane RO reactions offers wide opportunities for FE transformation into
biopolymers, biolubricants and other materials. Neat epoxides as monomers may serve for thermosetting
resins production, while polyols originating from RO can be used for to obtain plant-based polyurethanes
[1, 8-12]. The number of RO reactions with various nucleophilic reagents can be carried out to produce
biolubricants and other valuable functionalized fatty derivatives. It is anticipated the continuous growth
of interest in FE and their consequent products due to the simplicity, efficiency, and versatility of oxirane
formation and RO reactions [1]. Used cooking oils (UCO) are sustainable and economical raw staff choice
for biofuels and oleochemicals production. UCO worldwide generation is estimated within 41-67 Mt/yr
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(between 20 % and 32 % of global vegetable oil consumption) and majority of these volumes are still end
up in the environment. [2, 13].

Oxirane ring opening needs electrophilic activation of the epoxide by proton or other acid on the
first step, followed by regioselective nucleophilic. FE, having no chemical difference between the carbons
of oxirane cycle, reacts yielding near equal mixture of two possible regioisomers [1]. In current study we
focused on the acid-catalyzed oxirane RO reactions with common and abundant reagents, including water
(hydrolysis), lower monohydric alcohols (alkoxylation) and biomass-derived carboxylic acids (acylation).
These processes can be carried out in the presence of liquid or organic-soluble acid catalysts, such as
H2SO4 [14-20], HCI[21], HsPO4[22], HCIO4[23-24], HBF4[25-27], p-toluenesulfonic [28-30],
methanesulfonic or sulfamic [20], formic [31] and acetic [32] acids, as well with the use of solid acid
catalysts [17, 28, 33-43]. Development of practically important heterogeneous-catalytic processes for
substitution of environmentally and technologically non-excellent homogeneous-catalytic ones, continues
to be important subject of modern-day researches [1,44-48]. Among solid acid catalysts under
investigation, strong acid ion-exchange resins (sulfocationites), is of particular importance, as they are
commercially available, large-scale produced, widespread materials. Their strong acidic properties is
carried by -SOsH sulfogroups, situated on a polystyrene matrix crosslinked with divinylbenzene (DVB).
There are two main types of sulfocationites, distinguished by the porous structure of polymer matrix. The
first is gel-type polymer, having no apparent porosity in the dry state. The lack of porosity restricts the
access of reactant molecules to the acid sites in the depth of polymer structure, which is may still be
possible due to swelling of the resin in the reaction media. The second type is macroreticular resins, bulk
of which structure is also presented by gel-type polymer, but containing also a network of the stable macro
and mesopores [44, 49-50].

Alongside with liquid acids, sulfocationites use for FE preparation via Prilezhaev’s double bond
epoxidation method was recently investigations [1, 49-50]. Acid catalyst in this particular case promotes
the in situ formation of peroxy acid by the reaction of carboxylic acid (usually formic or acetic) with H202.
Aroused peracid oxidizes the double bounds, yielding oxiranes. The latter may react via several RO
pathways, causing decrease in selectivity for epoxide. If the final synthetic goal is to obtain vicinal diols,
one-pot modified Prilezhaev epoxidation-hydrolysis procedure may be carried out [1, 21, 33-34]. Azzena
et al. [33] investigated the selectivity of epoxide/vicinal diol formation in modified Prilezhaev’s oxidation
(24 h, 57 °C, C=C/H202/ CH3sCOOH =1.00:1.10: 0.38 mole ratio) of monounsaturated C18-C22
monoalkylesters using gel-type AmberlitelR120 (8 % DVB) and Dowex50WX (2% DVB), and
macroleticular Amberlyst15 (20 % DVB) sulfonated resins. It was revealed the great difference in catalytic
properties of wet as-received and dried samples of resins. For wet cationites conversion was slightly lower
and epoxide was the primary product (88-99 %), while dried samples facilitated to diols formation
(69.4->99 %). Dried Dowex50WX with lowest crosslinking provided the highest conversion and
selectivity for diol (>99 %). Dowex50WX dry sample use for different fatty substrates revealed the clear
tendency for decreasing of the diol/epoxide ratio with enlarging of fatty substrates molecules. In case of
oils conversion, selectivity for diols was very low. Discussed results is in a good agreement with the earlier
work [34], dealing with jatropha oil methyl esters epoxidation/hydrolysis (57 °C, 24 h) with use of the
same set of sulfonated resins (dehydrated). Gel-type mid-DVB resin use resulted in the lowest selectivity
for glycols (about 30 %), while both gel-type low-DVB and macroreticular high-DVB samples provided
similarly high final selectivity around 90 %. Although conversion rate and selectivity for glycols in course
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of reaction with Amberlystl5 were lower, it was preferred for potential industrial use for its better
mechanic stability and better morphology.

Alkoxylation (alcoholysis) of FE in the presence of acid catalyst is accompanied by side
transesterification (TE), which may lead to the formation of the complex mixture of products. But since
reaction rate of the acid catalyzed TE is low comparing with RO of high-reactive oxiranes, it is does not
always taken into account [1]. However, various possible side oxirane reaction are also not often considered
by researchers. In classical works [14-16, 18-19] FE alkoxylation was carried out using concentrated sulfuric
acid. Hwank et al. [14] alkoxylated epoxidized soybean oil (ESBO) with two-time stechiometric excess of
alcohol (methanol, 1-butanol, 2-butanol, 1-hexanol, cyclohexanol, 2,2-dimethyl-1-propanol and 1-decanol)
at 80-110 °C. Depending on the reagent, full conversion of oxiranes was achieved after 3-7 h. Significant
TE (up to 85 %) was also reported. In the next work [15] of the same authors, alkoxylation of ESBO with
2-ethylhexanol was carried out in similar way. Although authors mentioned formation of side minor
products, such as oligomers from epoxy-epoxy reactions, TE and RO were referred as the major products
yielding processes. Besides H2SOa, other catalysts were also tested. Surprisingly, p-toluenesulfonic acid
provided very slow RO (82 %) and no TE after 22 h at 130 °C, while solid catalyst Dowex 50W-8X (gel-
type sulfonated resin, 8 % DVB) provided 100-% conversion of epoxide and 83 % TE (24 h, 130 °C). In
another following paper [16] authors managed to obtain both 100-% RO/0-% TE and 100-% RO/100-% TE
products by means of varying of the conditions applied in the ESBO reaction with Guebert alcohols. Moser
at al. [18] used other approach for FE alkoxylation in presence of H2SOa. Reaction of epoxidized i-propyl
oleate with monohydric alcohols C2-C10 was carried out at room temperature, which enabled to avoid side
TE. Moderate yields of hydroxyl ethers (80-85 %) was obtained after long reaction time (from 24 h for
ethanol to 240 h for n-decanol). Later, the described approach was extended by to alkoxyalion of the various
epoxidized monoalkyl oleates (EMAOQ) [19]. Issues with the unwanted TE was reported for reaction with
methanol. Generally, it was observed, that reactivity of alcohols in RO decreases with lengthening of alkyl
chain and with its branching. Also, low reactivity of secondary alcohols (1-propanol, 2-butanol) was
reported.

Borugadda et al. [17] tried to use AmberlitelR120 as solid acid catalyst for alkoxylation of
epoxidized UCO and methyl esters with methanol. At 70 °C, using 5 % of catalyst load and high excess of
alcohol, only 61 % RO was achieved after 9 h of reaction. Switching for sulfuric acid enabled >90 % RO at
room temperature after <30 min. For some reason, authors did not try to carry out alkoxylation over
Amberlyst15, which was applied on the next synthetic step for esterification. Amberlystl5 (macroreticular,
20 % DVB) is most widely used resin for RO reaction with alcohols [36-42]. Lathi et al. [37] applied
Amberlyst15 (2 %) for ESBO alkoxylation with n-butyl, i-amyl and 2-ethylhexyl alcohols (two-fold excess
over stoichiometry) and achieved full epoxides conversion at 90-120 °C after 15-24 h. Longer or bulkier
alcohols required longer reaction time and higher temperature to complete reaction. Authors confirmed the
retention of triacylglycerol backbone of the alkoxylated products, but no quantitative assessment of the side
RO and TE reaction was provided. In paper [40] RO of partially epoxidized camelina oil with methanol in
the presence of 10 % of catalyst Amberlyst15(dry) was carried out at 60 °C. Full oxirane conversion was
achieved after 6 h of reaction. Authors did not consider possible side TE, but underlined the importance of
the avoiding of oligomerization, leading to low hydroxyl functionality and increased viscosity. Use of excess
methanol prevented formation of the oligomeric compounds. It was shown, that polyol produced contained
less than 10 % dimers and no trimers and higher oligomers. Marques et al. [39] used Amberlyst15 for
alkoxylation of deoxidized n-octyl oleate with n-hexyl, cyclo-hexyl, n-octyl and 2-ethylhexyl alcohols
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(molar ration 3: 1, 70 °C, 4 h). Provided *H NMR spectra of the RO products confirms the full epoxide
conversion, but also contains the evidence of extensive fatty ketones formation via epoxide isomerization.
The latter is known as Meinwald reaction, which is the intramolecular rearrangement of an epoxide to an
aldehyde or ketone in the present of Bronstead or Lewis acid [1].

Unlike hydrolysis and alkoxylation, in general case FE acylation does not necessary need separate
catalyst. Carboxylic acid reactant, being weak Bronsted acid, is able to autocatalyze the reaction [1].
However, introduction of catalyst may be useful for enhancing the conversion rate and/or to modify a
selectivity patterns. In work [51] catalyst and solvent free acylation of epoxidized jojoba-like esters (i.e.
oleyl oleate) with propionic acid at 95 °C needed reaction time 16-24 h. Caillol et al. [52] synthesized
polyester polyols from ESBO by catalyst free acylation with acetic (100 °C, 40 h, 5 : 1 epoxide/acid ratio),
glycolic and lactic acids (80 °C, 4 h, 5 : 1 epoxide/acid ratio). Presence of hydroxyl function in alpha position
to carboxylic seemed to activate RO reaction. Side reactions were evidenced, whose explanation is complex.
Reaction pathways of oligomers formation were included RO with hydroxyls of formed polyols. Earlier
Moser et. al [53] acylated the various alkyloleates epoxides with propionic and octanoic acid at 100 °C for
8-9 h before reaction completed and did not reported the oligomers formation. Dehghan et. al. [54]
synthesized vegetable oil based polyols by catalyst free acylation of epoxidized canola oil with fatty acids
of castor oil (mainly hydroxysteric acid) for 8.5 h at 180 °C. No oligomerization or other possible side
reaction were discussed. Dai et. al. [55] prepared polyols by ESBO acylation with ricinoleic (hydroxystearic)
acid for 8 hat 170 °C. Proposed structure of produced soy-based triglyceride polyol assumed also occurrence
of the alkoxylation of epoxy with hydroxy! group of the acylation reagent. No other reaction pathways were
considered. In work [56] authors demonstrated, that magnesium stearate was a highly efficient catalytic
reagent for solvent-free ring-opening epoxy methyl oleate. It resulted in the highest yield (95 %) and
conversion rate (99 %) toward alkoxyesters under the same conditions (160 °C, 12 h) superior to lithium and
sodium stearates and stearic acid. In case of the latter conversion was 96 %, but alkoxyester yield was only
47 %. Side product (20 % yield), which is dimer from epoxide coupling with secondary alcohol, was
observed. In work [28] acylation of epoxidized broccoli oil with benzoic acid (110 °C, 4-24 h, toluene) was
carried out as model reaction using Bronsted and Lewis acids (p-toluensulfonic acid and ZnClz) and sodium
methoxide. Lewis catalyst provided slowest conversion with highest side reactions rate. Bronsted catalyst
also tended for side reactions promotion at prolonged reaction times. MeONa, which indeed immediately
reacts with benzoic acid to form sodium benzoat, was found to favor the formation of ester linkage. Schuster
et al. [43] evaluated a number of acid solid catalysts, including sulfonated resins (AmbelitelR120,
Amberlyst15, Nafion NR50 and its composites with silica), montmorillonites K10 and KSF, zeolite HY (as
received and modified via steaming and dealumination with HCI) in acylation of epoxidized methyl oleate
with various carboxylic acids. After 24 h of reaction at 30 °C with butiric acid (5 : 1 to epoxide, catalyst load
- 0.1 g per 1 g of epoxide) montmorillonite K10 provided highest (80 %) conversion, while HY samples was
least active (9-13 %). Sulfonated resins showed intermediate activity. It was also shown, that reactivity of
acids in RO decreased in a raw formic — acetic — benzoic — 2,2-dimethylpropanoic (pivalic) — 2-methyl-
propanoic (isobutiric). However, such observation was made for reaction over microporous HY catalyst and
its universality is doubtful. Selectivity for hydroxy ethers over Amberlyst15 at prolonged reaction time
(24-72 h) and higher temperatures (30-60 °C) was in a range between >95 % for formic and 80 % for pivalic
and isobutiric acids. Use of levulinic acid, which is one of the most important renewable chemicals,
producing from biomass [47-48], may be complicated by the reaction of ketone function, yielding five-
membered heterocyclic ketals (ketalization) In general, the analysis of literary sources showed the lack of
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the systematic studies of the solid catalysts use in processes under investigation. Researches, as the rule,
set as the objective to synthesize a product for certain application and investigate its relevant
characteristics, while occurrence of the side transformation and their influence on the product properties
are not covered in full. Transformation of EVO triglycerides also does not allow to observe the reactions
of individual components due to the complexity of the products formed. Regularities, observed for RO
reaction of EVO may be not relevant to the same reaction of the less bulk epoxidized fatty substrates.
Studies of various type of solid acid catalyst use in FE reaction and targeted development of new effective
ones is promising perspective area of the modern-day green chemistry agenda.

The objective of current study was to synthesize perspective used cooking oil based components
for biolubricants formulation via ring-opening alkoxylation and acylation of epoxidized monoalkyl
oleates, using sulfonic resins as catalysts. Whole synthetic sequence included obtaining of the high-pure
monoalkyl esters from high-oleic used cooking oil on the first stage, epoxidation of the double bonds of
monoalkyl oleates on the second stage, and alkoxtylation or acylation of oleoepoxides on the third stage.
Purolite CT275 (macroreticular) and CU-2-8ChS (gel) commercial brands of resins were chosen for
investigation as catalysts.

Materials and methods

Materials

Initial synthetic source for preparation of oleoepoxides was wasted high oleic cooking sunflower oil,
having acid value 1.20 mg KOH/g and water content 0.05 %. Fatty acid composition was the following:
palmitic acid (C16:0) — 4.4 %, stearic acid (C18:0) — 2.6 %, oleic acid (C18:1) — 81.7 %, linoleic acid (C18:2)
— 6.1 %, other fatty acids — 5.2 %. Wasted oil was kindly provided by representative of the company “Bio-
OIL” that collects and supplies such raw materials to its own industrial biodiesel facilities in EU countries.

Technical grade anhydrous ethyl alcohol and reagent grade anhydrous i-propyl alcohol (Germany),
as well as technical grade potassium hydroxide (China, 89 %), technical grade sodium hydroxide (China,
99 %), molecular sieves 3A (China), diluted sulfuric acid (45-% aqueous solution), reagent-grade
p-toluenesulfonic acid monohydrate (97.5%, India) and lab-grade cyclohexane were used for
monoalkylesters preparation.

Epoxidation of ester double-bonds was carrying out using acetic acid (98 %) and hydrogen
peroxide (50 % aqueous solution) as reactants and sodium bicarbonate, anhydrous sodium sulfate and
cyclohexane as auxiliary substances. Sulfocationites of common commercially available brands,
CU-2-8ChS (Ukraine) and Purolite CT 275 (USA) in H-form were employed as catalysts for the epoxides
RO reactions. CU-2-8ChS also was employed on the stage of epoxides preparation. In RO reactions, the
same ethanol and i-propanol, distilled water, formic acid (99 %, Germany), levulinic acid (99.8 %, Italy)
and oleic acid (about 80 %, prepared from the high-oleic wasted oil sample) were used as reagents. Lab-
grade cyclohexane and ethyl acetate, as well as ethyl levulinate (99.2 %), synthesized via esterification of
levulinic acid over pTsOH, were used as solvents in epoxides acylation. Samples for GC were dissolved
in n-hexane (reagent grade) or pyridine (analytic grade).

Catalysts characterization methods

In current study, sulfonated resins were used in dehydrated state. Dehydration was carried out by
means of heat treatment in a drying oven with a gradual temperature increase from room temperature to
110 °C. The loss of sample mass (%) was regarded as the moisture content of the initial wet resin.
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Static exchange capacity of was determined via acid-base reverse titration. About 1 g of dehydrated
sample (four digit weighting) was placed into a 250 cm? flask and 100 cm® of 0.1 M NaOH was added.
Then the flask was sealed and left for at least 10 h, stirring occasionally. Thereafter, 25 cm?® aliquot of the
liquid phase was taken and titrated with 0.1 M HCI using phenolphthalein as indicator.

The low-temperature nitrogen adsorption/desorption isotherms (-196 °C) of cationites samples
were recorded using a Quantachrome Autosorb NOVA 1200e® automatic analyzer. The specific surface
areas (SBET) were calculated according to the BET theory.

Synthesis of the epoxidized materials as oleochemical platform substances

Scheme 1 demonstrates the reaction sequence of the EMAO synthesis. At first, corresponding
monolalkyl esters (ethyl or i-propyl) were synthesized. As fatty acid composition of the initial oil is
composed predominantly by C18:1 acyl moieties, obtained products can be rightfully regarded as alkyl
oleates. To obtain ethyl oleate, direct oil TE with ethanol at ambient temperature, using KOCzHs as
alkaline catalyst was carried out. In more details, alkaline synthesis of ethyl esters is discussed in [57-58].
To obtain i-propyl oleate, oil was converted into sodium soaps, which where decomposed using water
solution of sulfuric acids. Obtained fatty acids were washed, dried over sodium sulfate and finally purified
via vacuum distillation under nitrogen gas bubbling. Purified fatty acids were esterified with i-propyl
alcohol, using p-toluenesulfonic acid as soluble catalyst. In order to enhance the efficiency of the
esterification, reaction was carried out under reflux condition with removal of the forming water by the
Dean-Stark method. Cyclohexane was added as azeotrope-forming agent. The excess of alcohol was
removed from products of transesterification (ethyl esters) or esterification (i-propyl esters) under mild
vacuum (waterjet pump) and continuous stirring at 80 °C. Resulting crude esters were finally purified by
vacuum distillation under bubbling of nitrogen gas. Samples of distilled monoalkyl oleates were clear,
virtually colorless liquids, containing 97-99 % of monoalkyl esters (>80 % of oleates).

+C,H;0H R
CZH50K +NaOH/H,O
Lo _h_o.
'C3H803 R R -C3H803
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Scheme 1. Reaction scheme of EMAO synthesis: R — fatty acyls (over 80 % C18:1), HCat — sulfocationite CU-2-
8ChS (hydrogen form), pTsOH — p-toluenesulfonic acid
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For epoxidation, the method [59] was adapted. At first, CU-2-8ChS (wet), ethyl or i-propyl esters
(about 100 g) and acetic acid were placed in the three-necked reactor and heated to 40 °C under stirring.
Then, the predetermined H202 was added dropwise during 0.5 h and reaction was continued for another
3.5hat60 °C. Esters : CH3COOH : H202 molar ratio accounted for 1 : 0.4 : 2.0. The load of cationite was
about 14 g (wet) per 100 g of esters. Products was filtered, catalyst and reactor were poured with
cyclohexane. Organic phase was separated and washed with sodium bicarbonate (10-% water solution),
distilled water and dried over sodium sulfate. Cyclohexane was removed by distillation under reduced
pressure.

Ring-opening reaction of fatty epoxides

Ring-opening reaction of EMAO were carried out in 35 cm® (30x100 mm) glass screw pressure
bottles with PTFE stoppers using magnetic stirrer. All catalytic tests were carried out for 3 h at 100 °C,
with 25-30 % reactor filling. Reagents and catalyst ratio depended on the process. At first, the known mass
of the dry cationite was placed in the reactor. Thereafter, ring opening reagent was added and allowed to
soak the cationite for 1 h (porous Purolite CT275) or overnight (about 15 h, non-porous CU-2-8ChS). In
case of acylation in the organic solvents media, the corresponding solvent (cyclohexane — C-hex, ethyl
acetate — EtAc or ethyl levulinate — EtLev) were added together with carboxylic acid. Soaking of the
cationites with levulinic acid, normally melting at 33 °C, was carried at 40 °C. Obtained liquid reaction
products were filtered through paper filter to remove cationite and subjected to analysis via GC with any
additional purification. Selected samples of perspectively practically valuable alkoxylation and acylation
products were isolated, purified and analyzed by GC and NMR. Product of epoxidized i-propyl oleate
alkoxylation were washed stepwise with water solution of sodium bicarbonate and distilled water,
followed by drying over anhydrous potassium sulfate. In case of product of alkoxylated ethyl oleate
alkoxylation, excess of ethanol was rotary evaporated (80-90 °C) and only than treated in the same way.
Products of epoxide acylation with levulinic was firstly washed with neutral water and then treated under
vacuum at elevated temperature (90-100 °C).

Analytic methods

EMAO and RO products were analyzed via GC using Agilent 7890A Series gas chromatograph
equipped with split/splitless inlet, flame-ionization detector and J&W HP-5 capillary column (30 m,
0.32 mm, 0.25 um) with ((5 % phenyl)-methyl polysiloxane stationary phase, nitrogen was as carrier gas.
About 0.1 cm? of epoxide, alkoxylation or acylation products were dissolved in 1.0 cm® of n-hexane. In
case of hydrolysis, sample (~0.1 g) were dissolved in 1.0 cm? of pyridine. Chromatographic conditions
were the following: inlet temperature — 250 °C; split ratio — 64 : 1; constant pressure mode, 14.7 psi
(103 kPa); column thermostat temperature — 110 °C for 7 min, heating +5 (°C/min) up to 320 °C, 320 °C
for 30-60 min; FID temperature — 300 °C; sample volume — 1 pl. Using GC-analyses data, conversion of
corresponding EMAO (X(C18:1EpAlc), %) and selectivity for corresponding ring-opening products
(S(X), %) were calculated as follows:

%9(C18:1EpAlc)—%(C18:1EpAlc)
%9(C18:1EpAlc)

X(C18: 1EpAlc) = -100%, (1)

o w
S(X) B Y. %(C18:1Ep) 100%. (2)
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In formula (1) %°(C18: EpAlc) and %(C18: EpAlc) are defined as GC area assay of the epoxidized
oleate before and after reaction. In reaction (2) %(X) is GC area assay of the corresponding reaction product
and Y, %(C18: 1Ep) is the sum of the GC area assays of all products, formed from epoxidized oleate.

Acid value (AV) was measured as described in [60].

'H and **C NMR spectra were recorded using a Bruker AVANCE DRX-500 instrument at an operating
frequency of 400 MHz and 125 MHz respectively. Samples were dissolved in deuterated chloroform CDCls.

Results and discussions

Samples of sulfocationites

As said early, the chemical composition of different brands of sulfonated resins are roughly identical,
since all of them are the polystyrene copolymers, cross-linked with divinylbenzene and functionalized with
sulfonic group. Both cationites, studied in this work (Table 1) have close static ion exchange capacity per unit
of mass (Table 1). Slightly higher exchange capacity of Pur sample is more likely due to the higher degree of
functionalization. The key difference between the samples is the structure of their polymer matrix. CU is a
typical gel-type (non-porous) cationite, while Pur is macroreticular (macro-mesoporous) one [61-62].
Consequently, the specific surface area of the Pur sample is several times higher. Its low-temperature nitrogen
adsorption-desorption isotherm (Fig. 1) indicating its macroporous structure, while hysteresis loop indicates
the presence of mesopores. Isotherm of CU sample is linear, which is characteristic for non-porous materials.

Table 1. Chararcteristics of the sulfocationites samples

Chararcteristic Sample name (full name of the commercial brend)
Pur (Purolite CT275) CU (CU-2-8CHs)

Appearance grey spherical grains | yellow-brown spherical grains

Polymer matrix type macroreticular Gel

Crosslinking, % 8 8

Moisture content, % 56.8 23.0

Static exchange capacity*, mmol/g 5.43 5.03

SBET m?/g 23 6

! measured for dehydrated sample
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Fig. 1. Low-temperature nitrogen adsorption-desorption isotherms of sulfocationites: 1 — Pur, 2 - CU

Let us also note, that CU-2-8ChS sample, studied in this work, was produced by “Azot” (Cherkasy),
which is now PrJSC “Azot” (OSTCHEM Holding AG). But at the current moment, cationites under brand
CU-2-8, which are widely presented in Ukrainian market, are exclusively originated from PRC.
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Samples of epoxidized monoalkyl oleates

Synthesized fatty epoxides were clear colorless liquids. Composition of the samples according to GC-
analyses is given in the Table 2. Almost all double-bounds of initial alkyl oleates were converted into epoxides,
while unsaturated esters remained unaltered. Chromatograms of epoxidized samples and initial esters is
presented in Fig. 2. Slightly higher acid value of EpiPr sample is due to the synthetic pathway of its preparation

via fatty acid esterification. This value is roughly equal to only 0.3 % concentration of free fatty acids.

Table 2. Composition of the samples of epoxidized monoalky! oleates

Chararcteristic Sample -
EpEt EpiPr
Content of EMAO, % 84.1 83.4
Content of other epoxidized esters, % 7.1 7.0
Content of unsaturated esters, % 0.9 0.1
Content of saturated esters, % 7.4 7.4
Acid number, mg KOH/g 0.26 0.64
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Fig. 2. Chromatograms of epoxidized samples and initial esters (J&W HP-5 column; +5 °C/min from 110 to
320 °C; constant pressure 101,3 kPa): 1 — ethyl esters; 2 — EpEt; 3 — i-propyl esters; 4 — EpiPr

'H NMR-spectra of epoxidizied esters (Fig. 3) contain intense signal of methine protons of oxirane
cycle carbon atoms (~2.9-3.0 ppm), while the signals of the methine protons near carbon atoms forming
double bonds (~5.4-5.5 ppm) are almost absent. Actually full conversion of double bonds is also strictly
evident from *C NMR-spectra (Fig. 4), containing signal of oxirane cycle carbon atoms (56.6 ppm) and
no signals in area around 130 ppm. The spectral peaks and assignments are close to the computed chemical

shifts and their order.
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Fig. 3. *H NMR-spectra of the epoxides samples (CDCls, 400 MHz): a - epoxidized ethyl oleate (EpEt); b -
epoxidized i-propyl oleate (EpiPr)
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Fig. 4. *C NMR-spectra of the epoxides samples (CDCls, 125 MHz): a - epoxidized ethyl oleate (EpEt); b -
epoxidized i-propyl oleate (EpiPr)

Catalytic oxirane ring-opening reactions
Scheme 2 shows the key RO reaction of the EMAO, that were observed in current study, including

hydrolysis (1), alkoxylation (2), acylation (3), ketalization (4), isomerization (5), and dimers formation
(6). Each of the RO products indeed forms as near equal amounts of (9,10) and (10,9) regioisomers. Also,
reactions of epoxidized esters with alcohols is accompanied with TE of their ester functions. In order to
avoid additional side reactions, alkoxylation was carried out only using corresponding alcohols (i.e.
i-propanol for epoxidized i-propyl oleate).
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Scheme 2. Reactions of epoxides in the presence of acid catalyst: 1 - alkoxylation; 2 - hydrolysis; 3 - acylation;
4 - ketalization; 5 - isomerization; 6 - dimerization

When investigating the efficiency of the catalysts and catalytic processes, it is essentially to
understand the possibility and the rate of target and side processes, occurring at the same synthetic
conditions without catalyst. So, the number of blank syntheses without catalyst were carried out (Table 3).
No signs of chemical alterations were observed after 3 h at 100 °C in case of neat epoxide, as well as
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epoxide mixtures with alcohols and water. In presence of porous cationite sample Pur, epoxide was totally
converted into ketone and dimers, while in case of non-porous CU conversion was almost negligible.

Completely different observations were made for the carboxylic acids. Significant or even full
conversion was achieved. This fact confirms, that RO reactions of epoxides may be catalyzed by even
such kind of weak acids at applied reaction conditions. In case of formic acid, which is the strongest among
the one-base carboxylic ones (pKa = 3.75), epoxide was converted totally, yielding hardly-to-identify set
of products. Besides target acylation product, vicinal diol was found among them in significant amount.
Let us emphasized, that reactions were carried out carefully avoiding introduction of any moisture. The
only possible source of water for hydroxylation is admixtures in the formic acid, although it was purchased
as 99-% pure reagent. Therefore, the further investigations of acylation over cationites was carried out
with levulinic and oleic acids.

Introduction of the H-form of the gel type non-porous cationite CU resulted in almost negligible
growth of conversion and acylation selectivity (Fig. 5). Also, insignificant epoxide isomerization (~1-2 %
selectivity) was observed. When using macro-mesoporous Pur sample, conversion increased significantly.
But the growth was provided mainly by side isomerization reaction, while selectivity of acylation notably
dropped. Also, trace amount of the side product, which is more likely can be identified as ketal-type
compound (Scheme 2, reaction 4) was found in case of epoxide reaction with levulinic acid over Pur
sample.

Table 3. Blank reactions of the epoxides (100 °C, 3 h, 500 rpm)

Epoxide olsgr]]?r;g Catalyst Molar rati_olepoxide : | X(C18:1EpAlc), 25 o4
sample reagent : “catalyst %
reagent
EpEt - - 1:(-):() 0 -
EpEt - Pur 1:(-):0.05 100 44 (isomerization)
EpEt - CuU 1:(-):0.05 4 23.5 (isomerization)
EpEt ethanol - 1:10:(-) 0 - (alkoxylation)
EpiPr i-propanol - 1:10:(-) 0 - (alkoxylation)
EpiPr water - 1:10:(-) 0 - (alkoxylation)
EpEt formic acid - 1:15:(-) 100 38 (acylation)
EpEt levulinic - 1:15:(-) 56 57.3 (acylation)
EpEt oleic acid - 1:15:(-) 45 71.9 (acylation)

Lamount of the cationite acid sites (based on exchange capacity)
2selectivity of the main reaction (mentioned in brackets)

100+ r 100
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o
> 80 L 80
<°
< 704 70
i) <
i 60 oo
© D%
2 50 KX L50
< 5 Il dimerisation
X 40 % [0 I Ketalization
30 ::: 30 isomerization
WZO 1 ::: [ 5o M acylation
10 ::: F10
<
o X Lo

1 2 3 4 5 6

Fig. 5. Conversion and selectivity of epoxidized ethyloleate (EpEt) RO reactions with carboxylic acids (100 °C,
3 h, 500 rpm, molar ratio epoxide : acid : catalyst 1 : 1.5 : 0.05): 1 - levulinic acid/no catalyst; 2 - oleic acid/no
catalyst; 3 - levulinic acid/CU; 4 - oleic acid/CU; 5 - levulinic acid/Pur; 6 - oleic acid/Pur
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Next step of the current study was carrying out epoxides acylation in the environment of organic
solvents. The expectations from the solvents consisted in the dilution of the reactants, which limits the
probability of dimers formation. Additionally, solvent molecules, adsorbing on the catalyst surface, may
restrict the access of the epoxides molecules to the acid sites, potentially preventing undesirable chemical
transformations. Indeed, in case of catalyst-free epoxide reaction with levulinic acid in C-hex (Fig. 6),
selectivity of acylation notably grew, while conversion value decreased about one-and-half time. In case
of ethyl esters (EtAc and EtLev) use as solvents, conversion drop was about an order of magnitude, but
some tendency to acylation selectivity enhancing preserved. Also, carrying out the reaction in EtLev
facilitated to formation of ketal (Scheme 2, reaction 4). In case of non-porous CU use, observed conversion
and selectivity regularities were roughly the same as in catalyst-free experiments. This fact indicates the
minor participation of the CU as the catalyst of the oxirane reactions. Use of porous cationite Pur enhanced
the conversion rate, but in major part, due to the activation of the side reaction of epoxide isomerization.
In case of EtLev environment, intense formation of the ketal over porous sample was observed. Selectivity
for ketal was even twice higher, than selectivity of acylation. As for the term ““solvent-specific”, we applied
it for the products, which were not observed in syntheses in other solvents or in solvent-free conditions.
For example, solvent-specific product in case of EtAc was presumably originated from transacylation of
ethyl acetate with levulinic acid, followed by reaction of the formed acetic acid with epoxide.

100 1 r 100

o 901 90
X
=< 801 80
o
< 70 L70
w
c'To! 60 F60
3 504 50 o)
X 404 L 40 Il dimerization
solvent-specific products
KX 304 I 30 M ketalization
hydroxylation
201 [20 isomerization
10 1 10 I acylation

"1 2 3 4 5 6 7 8 9

Fig. 6. Conversion and selectivity of epoxidized ethyl oleate (EpEt) RO reactions with levulinic acid in the solvents
environment (100 °C; 3 h; 500 rpm; molar ratio epoxide : acid : catalyst 1 : 1.5 : 0.05; solvent-to-reagents volume
ratio — 2 : 1): 1 - no catalyst/C-hex; 2 - CU/C-hex; 3 - Pur/C-hex; 4 - no catalyst/EtAc; 5 - CU/EtAC; 6 - Pur/EtAc;
7 - no catalyst/EtLev; 8 - CU/EtLev; 9 - Pur/EtLev

Generally similar observations were made for the acylation of epoxides with oleic acid in solvents
media (Fig. 7). Even lower conversion of epoxide can be attributed to the actually lower concentration of
carboxylic group, acting as acid catalyst, in the reaction media. Reaction with levulinic and oleic acids
were carried out at the same reagents molar ratio (epoxide : acid — 1 : 1.5 mol/mol), while oleic acid acyl
chain is several time longer. Also, no enhancing of the selectivity in catalyst-free experiment were
observed. The same observation of the negligible catalytic activity of non-porous cationite CU, as in the
case of levulinic acid, was made. Use of porous sample Pur majorly contributed into epoxides
isomerization, resulting in notable conversion growth, but selectivity for target acylation dropped
significantly. Interest observation is the finding of the significant peak of the same compound, which was
early identified as ketal (Scheme 2, reaction 4) in the products over Pur in EtLev media. In Fig. 7 it is
included to “solvent-related products”, since possible explanation of its formation consists in the
transacylation of EtLev with oleic acid. The product of acylation with levulinic acid was also fixed
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(included to ““solvent-related products™), but selectivity for it was only around 4 %. Hence, even in such
indirect case, ethyl levulinate as reaction media strongly facilities to the reaction of the levulinic acid
ketone moiety with oxirane, but not to the acylation.

More straightforward and encouraging catalytic results were obtained for epoxide RO reactions
with monohydric alcohols (ethanol and i-propanol). Let us emphasized, that reactions were carried out
using great excess of ring-opening reagent (ten-fold excess over stoichiometry). Unlike biomass derived
carboxylic acids, low-boiling monohydric alcohols can be easily removed from products by distillation
and recycled in the process. In current study alcohols acted both as ring-opening reagent and organic
solvent media.

As was shown earlier, EMAO does not react with alcohols at the conditions of catalytic testing. In
the presence of the macromesoporous cationite, conversion of epoxide after 3 h was 100 % both for
reactions with ethyl and i-propyl alcohols (Fig. 8). Relatively high selectivity was observed for
ethoxylation (about 75 %), but in the case of i-propanol it was almost twice lower. As in the case of
acylation, the main side reaction was epoxide isomerization to ketone (Scheme 2, reaction 5). Also,
insignificant dimerization and hydroxylation were observed. Again, there was no enough water in the
initial materials to provide such level of selectivity for diol compound. The most obvious explanation is
water formation by the reaction of alcohol etherification, proceeding on the cationite acid sites, and its
immediate reaction with epoxide. Such explanation is supported by fact, that strong acidic macroreticular
ion-exchange resin Purolite CT275 is developed as the catalyst for production of ethers, such as MTBE
and TAME [62].
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Fig. 7. Conversion and selectivity of epoxidized ethyloleate (EpEt) RO opening reactions with oleic acid in the
solvents environment (100 °C; 3 h; 500 rpm; molar ratio epoxide : acid : catalyst 1 : 1.5 : 0.05; solvent-to-reagents
volume ratio — 2 : 1): 1 - no catalyst/C-hex; 2 - CU/C-hex; 3 - Pur/C-hex; 4 - no catalyst/EtAc; 5 - CU/EtAC; 6 -
Pur/EtAc; 7 - no catalyst/EtLev; 8 - CU/EtLev; 9 - Pur/EtLev
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Fig. 8. Conversion and selectivity of EMAOQ reactions with alcohols in the presense of the sulfocationites (100 °C;
3 h; 500 rpm; molar ratio epoxide : alcohol : catalyst 1: 10 : 0.05): 1 - EpEt/EtOH/Pur; 2 - EpEY/EtOH/CU; 3 -
EpiPr/iPrOH/Pur; 4 - EpiPr/iPrOH/CU
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Gel type sample CU provide quite promising efficiency of epoxide alkoxylation. In case of the
reaction with ethanol, almost full conversion (95 %) was achieved with high selectivity for the target
alkoxylation (about 90 %). Contrary, in case of i-propanol conversion was almost an order of magnitude
lower, than after reaction over porous Pur, but trend for higher selectivity preserved. The lower conversion
and selectivity in case of i-propanol is caused by its secondary structure, unlike primary ethyl alcohol. The
lower reaction ability of secondary alcohols is generally known fact. It was also the reason for i-propyl
esters preparation via multi-step saponification-neutralization-esterification sequence instead of one-step
TE (as ethyl esters). From the other hand, lower polarity of i-propyl alcohol reaction media due to actually
lower concentration of hydroxyls may also contribute to lower alkoxylation rate and, hence, higher
selectivity for side reactions.

The same approach of the cationite swollening with RO reagent before epoxide addition appeared
to be totally ineffective for hydroxylation. No reaction was observed both in case of the same reagents and
catalyst molar ratio as in alkoxylation, and even in case of ten times bigger amount of catalyst (Table 4).
Unlike alcohols, water is totally immiscible with low-polar fatty epoxides phase. So, the water-swollen
cationite appeared to be reliably screened from fatty epoxides molecules, which fully prevented their
access to the catalyst acid sites. Vice versa reagents introduction sequence (epoxide first) maid reaction
proceeding possible, but selectivity for vicinal diol was not high. In case of porous sample Pur at molar
ratios 1 : 10 : 0.05 (epoxide : water : H-sites of catalyst) conversion was close to full (86 %). The main
side reaction was dimers formation, while isomerization rate was insignificant. In the case of the higher
water and catalyst excess (ratio 1:20 :0.50), conversion was full, while hydroxylation selectivity
remained at the same level. Interestingly, selectivity for dimers and ketone at such components ratio
swopped and isomerization became the primary reaction. In case of non-porous CU conversion was
several times lower (almost negligible with low catalyst amount), while selectivity of alkoxylation tended
to be insignificantly higher than in case of Pur.

Table 4. Efficiency of i-propyl oleate hydrolysis over sulfocationites (100 °C, 3 h, 1500 rpm)

Catalyst | *Molar 2Sequence of the | X(C18:1EpiPr), S, %
ratio E: W | reactants addition % hydrolysis | isomerization | dimerization

- 1:10 - 0 - - -
Pur 1:10: water (1 h) + 0 - - -
Pur 1:20: water (1 h) + 0 - - -
Pur 1:10: epoxide (1 h) + 86 38.0 7.1 54.9
Pur 1:20: epoxide (1 h) + 100 36.6 51.2 12.2
CuU 1:10: water (15 h) + 0 - - -
Cu 1:20: water (15 h) + 0 - - -
Cu 1:10: epoxide (15 h) + 3 60.1 15.3 24.7
Cu 1:20: epoxide (15 h) + 38 46.9 14.0 49.1

LEpoxide : H,O : catalyst acid centers ratio
2 after catalyst was placed into the reactor

All observed regularities of the fatty epoxides reactions are based on the GC data. The evidence of
all discussed reactions occurrence and corresponding compounds formation is supported by *H and
13C NMR spectra (not shown) of selected finalized products. Composition of some of the alkoxylation and
acylation products are given in Table 5. Remained 6-10 % of unspecified components accounts for various
RO products of epoxidized linoleates and small amounts of low-molecular components and unconverted
unsaturated esters. The composition of finalized products may to some extend alternated in course of
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purification. For example, sample of alkoxylated ethyl esters EtEtpEt/Pur does not contain vicinal diol. It
most likely transformed into dimers during alcohol removal at elevated temperature. The latter was carried
out without preliminary neutralization, while mixture of reagents may still content some residual acid
material even after catalyst removal. At the same time, alkoxylated i-propyl esters iPrEpiPr/Pur, purified
via neutralization and washing, still contains vicinal diol. If unconverted epoxide and acid remain in
acylation products, its transformations may slowly continue after syntheses, causing the alterations in the
storing sample composition.

Table 5. Composition of some isolated alkoxylation and acylation products according to GC analysis

Sample Content of component(s), %
Saturated | Epoxidized | Ketone | Dihydroxy Alkoxy/ | Acyloxy/ Dimers
EtEtEp/Pur 7.4 0 16.2 0 62.7 0 5.9
iIPrEpiPr/Pur 7.9 0 39.4 4.2 36.9 0 2.2
LAEpEt/no catalyst 4.5 8.2 0.4 0 0 23.0 58.2
LAEpEt/Pur 5.2 0 17.4 0 0 18.8 50.9

As can be seen from the Table 5, the target reaction (alkoxylation or acylation) products are not
necessary the major components of the obtained samples. This is the case only for alkoxylated ethyl esters,
containing more than 60 % of target alkoxy/hydroxy component. Alkoxylated ethyl esters indeed contains
more than half of dimers, having quite complex composition, and only limited fraction of acyloxy/hydroxy
monomer product. Significant fraction of complex dimers mixture is presented by the component, which
is more likely acyloxy/hydroxy dieester formed via epoxide reaction with hydroxy function of acylated
ester. Formation of such type of compounds were observed in work [56]. In practice, high content of
dimeric compounds may be beneficial for use of obtained products as components and/or additives for
biolubricants formulations for machines and mechanisms. Similar alkoxylation products, synthesized by
the authors, was earlier reported by authors as the promising sulfur-free tribological additives to diesel
fuel [63-64]. The important advantage of such compounds over hydrocarbon-based counterparts is that
they are produced from biorenewable plant-based materials, and thus have a much better biodegradability.
Physico-chemical properties of similar oleochemicals would be greatly influenced by the way, how
synthesis was carried out. On the other hand, ability to synthesize the oleochemicals, having predetermine
ring-opening products composition, may by useful for the achieving the properties, needed for certain
practical applications.

Conclusions

The number of alkoxylated and acylated monoalkyl esters as perspective components for
biolubricants formulation were synthesized via sulfonated resins catalyzed ring-opening reactions of
epoxidized monoalkyl oleates, obtained from used cooking oil based monoalkyloleates via modified
Prilezhaev’s double bonds epoxidation method with use of gel-type CU-2-8ChS sulfonated resin. It was
shown, that fatty epoxides ring-opening reactions over sulfocationites is significantly sophisticated by
number of possible side processes. As result, the composition of obtained oleochemicals was shown to be
rather complex and dependent on the type of sulfonated resin, used as catalyst. Porous macroreticular resin
Purolite CT275 was shown to be highly effective in terms of epoxide conversion, but limited selectivity
for target reactions caused the presence of significant amounts of side products, such as fatty ketones,
dimers, ketals, and vicinal diols in oleochemicals obtained. Non-porous gel-type CU-2-8Chs provided

Catalysis and Petrochemistry, 2024, 35



Kamaniz ma nagpmoximia, 2024, No35 87

notably higher selectivity in the same reaction conditions, but conversion rate was slow in most cases.
Namely, in epoxides acylation with carboxylic acids non-porous resin almost did not show catalytic action
comparing with catalyst free conditions.
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Oco0smmBoCTI peakuiii pO3KPUTTA HMKJIIB eMOKCHA0BAHUX AJIKLI 0J1eaTiB CIMPTAMM,
BO/IOI0 TA OPraHiYHMMM KUCJIO0TAMH Y NPUCYTHOCTI KOMepUiiiHUX Cy/J1b(OKaTIOHITIB
SIK KaTaJxizaTropis

Hasun 3. laBitanse, Cepriii B. KonoBanos

Inemumym 6ioopeaniunoi ximii ma nagpmoximii im. B.I1. Kyxaps Hayionanwnoi akademii nayk Ykpainu
eyn. Axademixa Kyxaps, 1, Kuis, 02094, Vxpaina, e-mail: konovalovserhiy@gmail.com

CraTTs mpHCBAYCHA BUKOPUCTAHHIO CYJIb(OKATIOHITIB, IO BiAPI3HSAIOTHCS 32 MOPHCTOI0 CTPYKTYPOIO
(maxpoperukyssipauii Purolite CT275 i renesuii KY-2-8Uc), sik TBepANX KHCIOTHUX KaTaIi3aTOPiB ISl CHHTE3Y
MEPCIIEKTUBHUX OIOMacCTUTIBHIX KOMIIOHEHTIB MUISXOM PO3KPHUTTS OKCHPAHOBUX IUKJIIB JKUPHHUX EMOKCHIIIB
BOJIOIO (TiIpOJIi3), €TAaHOJIOM Ta i-NIPONAHOJIOM (QJIKOKCHUIIFOBAHHS), 1 JICBYJIHOBOIO Ta OJISTHOBOIO KHCIIOTAMHU
(aummroBanHs). EnokcumoBani eTHII- Ta i-TIPOMT ofieaTH K cyOCTpaTh AJIsl peakiiid PO3KpUTTS OKCHpPaHiB OyJio
CHHTE30BaHO Ha OCHOBI BUKOPUCTAHOI KyJIiHapeHOi oii. Peakiiii mpoBoauiv B peakTopi NepioANTHOI [Tii MPOTATOM
3romun 3a 100 °C 3 mepeminnyBaHHi, MOJISIpHE CIIBBIJIHOIICHHS CIOKCHJ . KHCJIOTHI IIGHTPH Kartaji3aTopa
cranoBuio 1 : 0.05. CiiBBigHOLIEHHS peareHT : enokcua craHoBuio 10 @ 1 (ankokcwittoBaHHs, rigponi3) ado 1.5 : 1
(ammroBanus). Ckiram TPOMYKTIB BU3HAYaM MeTofoM ['X, po3paxoByBaii KOHBEPCIIO Ta CEIICKTHBHICTB.
BusiBiieHO psiji OIYHMX PeaKIliid PO3KPUTTS KUIBI[S, OCHOBHUMH 3 SIKUX € 130MepHU3allis 0 KETOHY Ta AUMEpH3aIlis.
3araqbHUM CIIOCTEPEXEHHSIM Oyio Te, mo nopuctuii Purolite CT275 3abe3neuye Oinbln BUCOKY KOHBEPCIlO, ajie
crnpusie nodiuanm npouecam. Henopucruiit CU-2-8-CHs 3a0e3neuyBaB OMITHO BHILY CeNEeKTUBHICTB (10 90 % mist
TiIPOKCH eTepiB MpH €TOKCHUIIIOBAHHI), ajie 3 y 0araro pasiB MOBUIBHIIINM NEPETBOPEHHIM, OCOOJIMBO Y BHITAIKY
QIKOKCHJTIOBAaHHS BTOPUHHHM criupToM. [Ipu Tigposi3i mpocoyeHi BOJOI KAaTiOHITH HE 3a0e3MEUMIIH KOIAHOTO
NEPEeTBOPEHHS, TOAI SIK BBEACHHS EMOKCHIY CIIOYaTKy Ha KaTallizaTopi poOWIO NEpPeTBOPEHHS MOXKIMBHM.
ANWTIOBaHHS 3HAYHOIO MIPOIO TMPOTIKANIO 0€3 OKPEeMOro KaTami3aTopa 1 CyIpOBOKYBAIOCS TUMEpH3aIli€io, a
130Mepm3allii He criocTepiranocs. KaTioHIT reJeBoro Tty 3ade3revyBas JIMIIe 3HUKOMO MaJle 3pOCTaHHs KOHBEpCil
Ta ceJeKTUBHOCTI. [lopucTrii KaTioOHIT MiABUIIYBaB KOHBEPCIIO, ajic TOJIOBHUM YHMHOM 3a PaxyHOK iHTeHcH(ikamii
no0iuHuX peakuii. LluknorekcaH sik pO3UMHHUK AELIO CIIPUSAB CEJICKTUBHOMY alLlMIIIOBAaHHIO Oe3 KaTaizaropa, ajie
31 3HAYHKUM 3HIKEHHsIM KoHBepcii. Purolite CT275 y cepesoBHILi €THIUIEBYJIIHATY CIPHSIB PO3KPUTTIO EMOKCUAY
KETO-TPYIIOIO JIEBYJIIHOBOI KHCJIOTH 3 YTBOPEHHAM NPOIYKTY THITY KETAIO.

Kniouosi cnoea. xupHWI €NOKCHA, PO3KPUTTS OKCHUPAHOBOTO IUKIY, CYIh()OKATIOHITH, TBEPIUN
KHCJIOTHUI KaTaJli3aTop, aIKOKCHUIIFOBAHHS, T1IpOJIi3, allMIFOBAHHS, 130MepH3aIlis
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I'iaporenoJiis qucaxapuaiB 10 MPOMIJIEHIJIIKOII0 HA MiAbBMICHUX OKCHAAX
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JHocnimxeHo rigporenomnis 10 % MeTaHOIbHO-BOJHUX PO3YUHIB YKPO3H 1 MATBTO3HU 10 MPOMIICHTITIKOIIO
Ha MiIBBMICHHX KaTajli3aTopax B MPOTOYHOMY pexuMi. BcTanoBneHo, mo 3a remneparypu 170 °C, THCKY BOIHIO
y 4.0MIlla i wnaBamtaxxenni Ha karamizatop 0.8 MmMonb C12H22011/Tkar/TON  HaAWOULIBIIA KOHIICHTpAITiS
NPOMUJICHINIIKONI0 B TpoAaykrax peakuii y 0.23 MMonbp/Mi  oJepkaHa TIpU TigpOTeHONi31 IyKpo3uW Ha
23Cu-1Cr,03/Al;03 katamizatopi 3a ii moBHOI konBepcii. Ilpm HBOMY NpOAYKTHBHICTH KaTaji3aropa 3a
MIPOITJTCHTITIKOJIEM CTaHOBUTD (.7 MMOJIB/Tr/TOM. ['1APOTEHOTI3 MaTBTO3W B BKa3aHUX YMOBAX XapaKTePU3YETHCS
81 % konBepcicto i HU3bKOW (0.04 MMOJB/MJT) KOHIIEHTPAIIE€IO TPOIMIJICHTIIKOIIO B MPOAYKTaX peakKIlii.
OCHOBHMMH MOOIYHUMH TPOTYKTaMH TiAPOTeHOI3y IYKPO3U € ETHIICHTIIKOb, TiApPOKCHaeToH, 1,2-0yTranaion,
1,4-6yTanmion i copOiTon. KoHIIeHTpaIlisl MpOMiICHTITIKOIIO B IPOAYKTaX PEaKIlii IMPH TiIPOreHoIi31 I[yKpo3u Ha
23Cu-1Cr,03/Al0; mano sminroersest  (0.23-0.18 mmons/mir) mpotssrom 18 rogun  poGoTH  KaTasizaropa.
[MopiBusaHs npoayktuBHocTeit 23Cu-1Cr03/Al;O3 kartanizaropa mo NMPOMUICHIIKOMIO TpH TiaporeHosizi 10 %
po3uuHiB 1ykpo3u (0.7 MMOJB/Twa/TOMA) 1 TH0K03U (0.9 MMOJB/Tyar/TONT) TIOKA3y€, MO TIIFOKO3a OUTBII MPUAATHA
TUTS OZIepIKaHHS TTPOIUICHTITIKOIIO, HiXK TOCIIKEH] JUCaXapHUIH.

Knrouoei cnosa: TinporeHonis, ykpo3a, MaibT03a, IPOMiJICHIIIIKOIb, MiIbBMICHUH KaTaji3aTop

Bcmyn

[TpomineHraikonp, fK OaraTOTOHAXHUW TPOIYKT, IIUPOKO BHUKOPHUCTOBYIOTH B XIMIiuHiH,
Xap4yoBiii, KOCMETHWYHIN Ta ¢apmaneBTuuHiii ramy3sx [1]. B mpommcimoBocTi HWOTO OIEPKYIOThH
rizponizoM mpormigeHokcuay [1, 2]. B ocranni poku rigporeHoni3 BigHoBIOBaHNX Cé BYTJIEBOMIB Ta iX
MOXIJIHUX 0 TMPOMJICHTIIIKOIIO PO3IJIAAAl0Th SIK ajJbTePHATUBY HOro TpamuiiiiiHoMy cuHTe3y [3-6].
Hucaxapun mykpo3a C12H22011 Takok MOKe pO3IIISIATHUCh, SIK TIEPCIIEKTHBHA CHPOBHUHA JIJISl OIEP KaHHS
1,2-nipomaHIiony 3aBAsSKH CBOIM JOCTYIMHOCTI MpH JAOCUTHh HEBHCOKiK Baprocti (520 $/1) [7], Tomi sk
CBITOBI I[iHM Ha MPOMJICHIITIKOIb cTaHOBIATH 1450 $/1 [8].

Ha Bigminy Big rigporenonizy Ce kapOoriapaTiB, mepeTBOpeHHs Iykpo3u a0 C2-3 oo
ormucaHo B HeuucieHHHX craTsax [9-13]. Tak, B [9] meperBopennss Ci2H22011 B cyxomy eraHosi
JTOCTIDKYBAIM Ha MiJb-XpPOMOBOMY KaTauizatopi. Peakiito 3mificHioBanu B aBTokiasi npu 250 °C i
tucky H2 300 atm mpoTtsirom 2-3 rogud. OCHOBHUM NPOIYKTOM TiAPOTEHONI3y OYB MPOMIICHTIIIKONb 3
BuxoaoM y 34 %. B po6orti [10] koHBepcito mykpo3u BuBuaaun Ha CuO-CeO2-SiO2 karamizatopi B
MPUCYTHOCTI TiIpokcuay Kanbiito pu 225 °C 1 tucky BogHio y 200 aT™ B cTamioHapHOMY peskuMi. [Ipu
oMy yTBOproBaBcs psi Co-5 mioiniB. B [11] onucano rigporeHonis mykposu Ha (Ni, Mo, Cu)/ki3ensrypi
mpu 150 °C/5 MIla Hz2 3 13 % Buxoa0oM nponiieHr koo, Apropu [12] mis mepeTBOpeHHS caXxapo3u B
npomniienraikoab mpu 140 °C/3 MIla H2 BuxopuctoByBamu kommo3ut 2 % Ru-15 % Ha[W12SiOao],
HaHECEHU Ha akTuBOBaHe Byruuii. B [13] HaBegeHo naHi mono KoHBepcii 2 % BOJHOTO PO3YUHY
ykpo3u y nponinerriikons npu 180 °C/4 MIla H2 na Ni-Mo/y-Al203 karanizatopi 3 pi3HUM BMICTOM
HIKEITI0 Ta MOJiOIeHY.
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Omnwucanwmii B crartsax [9-13] rigporeHoni3 caxapo3u 3A1MCHIOBAIH B CTAlliOHAPHOMY PEKUMI 3
3aCTOCYBaHHSAM aBTOKJIaBIB NPH BUCOKOMY TUCKY BogHio (5-30 MIla) i 3 BHKOpPHUCTaHHSM JIOCHUTh
posbasienux po3zunHiB Ci12H22011 (10 2 %). B wiit po0oTi rigporeHoi3 1BoX aucaxapuiiB — IyKpo3H 1
MaJIbTO3H MPOBOIMIN B IPUAATHOMY ISl IPOMHUCIIOBOCTI IPOTOYHOMY PEKUMI 3 3aCTOCYBAaHHAM OLTBIIT
KOHIIEHTpoBaHUX, 10 % MeTaHOIbHO-BOAHMX PO3UMHIB IUX AMcaxapunuiB. Peakmito 3aiiicHioBanu B
MPUCYTHOCTI HAHECEHUX MIJBBMICHHUX KaTaji3aTOpiB, HAa SKUX HaMH OyJO OJIEPKAHO JOCHTHb BHCOKI
BUXOJIU MPOMIUICHIIIIKOIIO TpH TiporeHonisi 20 % po3unHiB riaroko3u (43 %) [14].

Excnepumenm

B po6oTti Oysi0 BUKOPHUCTAHO XapYOBHH ITyKOp 1 MalbTO3y I OaKkTepiabHUX Iieil. OCKUTbKI
PO3YHMHHICTH BOJHIO y CIIUPTaxX MPHOJIM3HO HA MOPSIOK BHIIE, HIX Y Bofi [15], B ekcriepumenTtax Oysio
3actocoBano 10 % po3umH gucaxapuay B METaHOJIbHO-BogHOMY posuuHi (10 T ykpy + 40 r Bomu +
50 r meTaHomy).

TectyBanucsk 3pasku HaneceHnx okcuiB 20CuO/Al203, 20CuO-5Zn0O/Al203, 23CuO-1Cr203/Al203
i 25Cu-1.5Zr02-1Cr203/Al203, oxepkaHuX METOIOM IMPOCOYYBaHHS, SIKi OyJH 3aCTOCOBAaHI HAMH IS
TIAPOTeHONI3Y TIIOKO3U B poOoTi [14], ne ommcano ix cuHTe3 1 TeKcTypHi mapamerpu. Ludpa 20 B
mapkyBaHnHi 3pa3ka 20CuO/Al203 o3nauvae, mo 0.2 r CuO HaneceHo Ha 1 r y-Al20s.

Karanitnuni ekcriepuMeHTH 3/11MCHIOBAJIA B TIPOTOYHOMY CTaJI€BOMY peakTopi aiamerpom 10 Mm
3 HepyXOMHM IIapoM KaTajizaTopy Macoo 2.5T (4 cm®). Ilomepeanno 3pasku BiJHOBIIOBANH B
iHTepBani Temmeparyp 160-240 °C B moroui BogHeBo-a3oTHOi cymimi (1 :4 3a o6’emom). Peakmiro
npoBoawnu npu 170 °C i tucky BomHio 4.0 MIla. Po3umHM mykpiB MomaBaiud B PeakTOp HACOCOM
Waters-590 3 o06’emuor0 mBHakicTio 1.95rox !, mo BimmoBigaso HaBaHTaxeHHIO 0.8 MMOJIb
T CaXapuay/Tkar/TO.

[TpoxykTn peakmii aHamizyBaqu MeTogamu ra3oBoi xpomatorpadii (Agilent 7820A, kaminsgpHa
xomouka HP-5, 30 M) ta C IMP cnexrpockomii (Bruker Avance-400). KoBepciro mucaxapujin
susHauamy 3 3C SIMP criekTpiB, IOpiBHIOIOUH iX KOHIEHTpAIlil Y BUXiIHUX i IPOAYKTOBHX PO3UHHAX TI0
iHTeHcuBHOCTI curHamy npu 104.7 M. gt caxaposu 1 101.8 mu. mis manbro3u. OCKUTBKH
NPEJCTAaBICHHA CKJaxy OJEpKaHUX NPOIYKTOBUX CyMimeil B Mac. % TMOB’A3aHO 3 HEOOXiIHICTIO
KaJiOpOBKM XpOMAaTorpaM MO KOXXHOMY KOMIIOHEHTY, TO MH OIIHIOBaJH €(EeKTUBHICTH pPOOOTH
Karajizaropa MO KOHIIGHTpAIlii I[JIbOBHUX TMPOIYKTIB — MPOMUJICHITKOIIO Ta ETHJICHIJTIKOII B
MMOJIB/MJI, SIK 11e 3po0ieHo B [14] mpu TiAporeHomi3i BOJHOTO PO3YHMHY TIIOKO3HM JIO IMX MOJIOJIB.
KonnenTparii mpormisieH- Ta eTHJISHTTiKoNed (MMOJIb/MII) B TPOAYKTaX pEakiii BH3HAYAIU 3
xpomarorpaM. Jlnsi 1poro Oylio TpPOBENEHO KaliOpyBaHHS IUION] TiKiB TMPOMJICHITIKOIIO Ta
STHJICHTIIIKOJIIO BiJ iX KOHIIeHTpamiid B iHTepBaii Big 0.2 1o 0.9 MMOJIB/MIT IJIs1 IPOITUICHTIIIKOIIO 1 BiJT
0.1 no 0.4 MMOJTB/MIT JJIsl €TUIICHTITIKOJIO.

Pezynomamu ma ix 062060penns

Cxema TiIpOTEHONI3Yy IUCAXapuaiB BIAPI3HATHCS Bix J00Ope Bimomoro TrimporeHonizy Ce
kapOoriapaTiB 10 Cz-3 MOMIONIB TUIBKA MOYaTKOBOIO crafiero riaponizy Ci-O-Ci 3B’s13Ky B LyKpo3i 1
C1-O-C4 3B’s3xy B ManbTo3i [13]. Ilpm rigpomizi caxapo3m YTBOPIOEThCS TJIOKO3a i (pPyKTO3a B
nipaHo3Hii ¢opMi, gka mignaerscs anbAoibHIM C3-Csa nexkoHaeHcalli 3 yTBOPEHHSIM IUIILIEPUHOBOIO
anpJierifly 1 AUrigpokcuaneTony. Jlami riinepaib BIALIEIUIIOE BOAY, 1 YTBOPEHUH MiBYpasb T1JIPY€EThCS
yepe3 TiIpoKcHaleToH 10 nponuteHrmikonato [14]. Ilpu rigponiszi ManbTo3M, SIKUM nepebirae Ha JBa
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MOPSAKM  TIOBUIBbHINIE 3a caxapo3y [16], yTBOpIOIOTbCS JABI MOJEKYJIH TJIOKO3HM, SIKi MAalOTh
130MepHu3yBaTUCh 10 (PpyKTO3H, 00 MITLOBUM MPOAYKTOM CTaB MPOMUICHTIIIKONb 32 BUILEHABEICHOIO
cxemoro. ToOro, cmim ouikyBaTu OUIBII €(PEKTHBHOTO TiJPOTCHONI3Y Caxapo3W 3a MalbTo3y [0
npomniieHraikonto. Hamr excepumenT 1ie miaTBeppkye (Tabnuis). Y pasi TigporeHosizy MajabTo3u Ha
23Cu-1Cr203/Al203 karamizatopi npu 170 °C xonnenrpamis 1,2-nponaHuiony CTaHOBHUThH JIMIIE
0.04 mmous/mi ipu 11 81 % koHBepcii, TOI SK AJs MYKPO3W KOHIICHTPAIlisS MPOMUICHTIIIKOIIO I0CsITae
0.23 mmounb/Ma 3a ii oBHOT KoHBepcii. OCHOBHMM MOOIYHUM MPOJIYKTOM TiIPOT€HOII3Y MajIbTO3U 3 ii
81 % xouBepciero € copOiTon. ToOTO, MPUYNHO HHU3BKOTO BHXOMAY IMPOIIJCHIIIKOII0 € HE HU3bKa
MIBUJIKICTB TiJPOJIi3y MaJbTO3M, & BUCOKA IIBUAKICTH TiIpyBaHHS YTBOPEHOI IIIOKO3H, SIKa HE BCTUTAE
C2-C3 nexonnmecyBaTHCh AJisi yTBopeHHs Cz-3 mosioniB. Hu3pka KOHIIEHTpaIlisl MPOIIJICHTIIKOII0 BKa3ye
Ha Te, 10 MAJIbTO3Y, SK 1 KpoxMmanb 3 a-Ci1-O-Ca 3B’A3KaMH, MaJIONIEPCIIEKTUBHO BUKOPUCTOBYBATH SK
BUXIJIHY PEUYOBHHY JUIS OJIEP>KAaHHS MPOMICHTIIKOIIO.

B Tabnumi mnpenctaBieHO pe3yJdbTAaTH TiAPOTEHONI3y LYKpo3W Ha 4oTupbox CU-BMICHHX
HaHECEHMX OKCcUAax. HaiOimpIry KOHIICHTpaIito mpomiaeHraikomto y 0.23 MMoIib/Mi1 Oyii0 oJiep:kaHo Ha
23Cu-1Cr203/Al203 karamizaropi, Ha IHIIUX 3pa3kax BoHa 3MiHIOEThes B iHTepBaii 0.12-0.08 mmosns /v
(tabmur) mpu 170 °C/4.0 MITa H2. Omxke, BBeaeHHs okcuay xpomy o ckiaay 23Cu/Al203 cnpusie
nepediry HiaboBOi peaKiii.

Tadauns. KoHueHTpamiss NPOMUICHIMIKONIO Ta ETWICHITKOMI0 B MNPOLYKTaX peaklii TIiAporeHoinizy
10 % po3unny 1ykpo3u (0.29 mmons/Mi) Ha MigsBMicHHX okcumax (170 °C, 4.0 MIla H,, 0.8 mmoin
C12H22011/Tiar/TOT)

KonueHTpais Ai0miB B IPOIYKTaxX peakii,
Karamnizatop MMOJIb/MJI Komnsepcis, %
[IpomiieHr T KoJIb ETunenriikons
23Cu-1Cr203/Al203 0.23 0.07 100
23Cu/Al;03 0.12 0.04 86
25CU-1.SZI’OQ-].CI'zOs/A'zOs 0.11 0.02 79
20Cu-5Zn0/Al;03 0.08 0.02 -
23Cu-1Cr,05/Al,03 ~ 0.04 0.03 81
23Cu-1Cr,03/AlL,0; ™ 0.32 0.09 100

* 10 % meTaHONBHO-BOAHMIT po3urH ManbTo3u (0.29 MMOJIL/MI);
™ 10 % Boauuii posuun rmoxosu (180 °C, 4.0 MIla Hp, 1.6 mmonb CeH1206/Tiar/Ton [14]
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Puc. 1. 3MiHa KOHIICHTpAIIi MPOMIJCHIIIKOIIO Ta STHJICHIJIIKOIIO B MPOAYKTOBIN CyMIIlI Biff 4acy peakiiii Ha
23Cu-1Cr,03/Al,05 katanizatopi (170 °C, 4.0 MITa, 0.8 MMOJIb IyKPO3H/Tiar/TOM)
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KoHuenTpaniss HUIbOBUX [TiOJMIB B MPOAYKTaX peakilii Npu TEepeTBOPEHHI IYKpO3W Ha
23Cu-1Cr203/Al203 mano 3MiHIOETBCS TPOTATOM 18 romuH poOOTH KaTaiizaropa i € B Mexax
0.18-0.22 mmom/mi uts iporiieHraikoiro i 0.06-0.10 Mmmois/mit uist eTuieHT Koo (puc. 1).

Ha puc. 2 Ta 3 HaBeseno C SIMP crekTpu Ta XpoMaTtorpama IpoiyKTOBOI CyMillli, OJepyKaHoi Ha
23Cu-1Cr203/Al203 karanizaTopi. OKpiM MPOMICHIJTIKOIIO Ta €THJICHIIIIKOMIO Y TMPOIYKTAaX PEAKIIii TAKOK
OyJ10 3a(hikcoBaHO TiAPOKCHUAIICTOH, epiTpo, 1,2-0yTanmion, 1,4-0ytanmion, 1,2,4-0yTaHTpiol, copoITOI.
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Puc. 2. 3C SIMP criextpu: (a) BUXiTHOTO po3unHy IyKpo3H; (6) IPomyKTiB Tizporeromnizy 10 % MeTaHOTBHO-BOIHOTO
posuny 1ykposu Ha 23Cu-1Cr,03/Al,0; karamizatopi (170°C, 4.0 MITa, 0.8 mmonb C12H2011/Txar/TO)

wi

175
+ | MeoH

Puc.3. Xpomarorpama mponyktiB TigporeHomizy 10 % MeraHONEHO-BOAHOTO pO3uMHY Iykposu Ha  23Cu-
1Cr,03/Al,03 karamizaropi (MeOH - meranoin, I'A - rigpokcunaneron, EI' - errnenrnikoib, [T - mpoITiIeHTTikosIb)
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Buxin mpomninenriikomo Ha Ounbm cenektuBHOMY 23Cu-1Cr203/Al203 katamizaropi MoxkHa
ouminutd sk Y =0.23/0.29/4 - 100=20%  Bim  TEOPETHYHOTO  3HAYCHHS IO  peaKiii
C12H22011 + 8H2 = 4C3HsO2 + 3H20. Tyt 0.29 mmons/mMn  BuxigHa koHueHTpariss Ci2H22011,
0.23 mmonb/Ma — koHueHTpaniss CsHsO2 B npoaykri. Cimij 3ayBaKUTH, 10 TPU MEPETBOPEHHI TITIOKO3H
Ha 23Cu-1Cr203/Al203 katamizatopi KOHIIGHTpallis MPOIUICHIIIKOMO ckiagana 0.32 MMOJIb/Mi
(Tabmuirst) 3 Buxoa0M 1o npomitenriikoito y 30 % [14]. Lle o3Havae, 1110 B OMUCAHOMY €KCIIEPHUMEHTI 3
1 xr rroko3u MoKHA ojiepkaTu (.25 Kr MpOMiIEHTIiKOM0, a 3 1 Kr mykpo3u numie 0.18 kr, mo Bkaszye
Ha HEJOLIbHICTh BUKOPUCTAHHS IIYKPO3H SIK BUXITHOI CUPOBHHHU A5 ofepkanHs C2-3 110iB.

Bucnoexu

Takum dYmHOM, TpoBeaeHO TimporeHomi3 10 % METaHOIBHO-BOJAHOTO PO3YHMHY IIYKpO3U Ha
4oTHUphoX HaHeceHuxX Ha Y-Al203 Cu-BmicHux okcuaax npu 170 °C ta Trcky BoaHio y 4.0 MIla 3
3aCTOCYBaHHSAM HPOTOYHOTO peakTopa. Ilokazano, mo cenextuBHuit 23Cu-1Cr203/Al203 kataizarop
3a0e3neuye MPOMYyKTUBHICTh IO MTPOMUICHIIIKOMO Yy 0.7 MMOJB/Tkar/TONT TIPM HABAaHTA)KCHHI Ha
karamizarop 0.8 Mmmosb C12H22011/Txar/To1. [IpoTe, mopiBHsHHS mpoayktuBHocTed 23Cu-1Cr203/Al203
KarajizaTopa Mo MPOMIICHTIIKOI0 mpu rigporenonisi 10 % po3uuHiB 1ykpo3u (0.7 MMOJIB/Txar/TON) 1
rmoko3d (0.9 MMOJIB/Tker/TOZ)  TIOKa3ye, IO TIJIIOKO3a OUIBII  MpUAaTHa JUIsL  OAEp)KaHHS
MPOMIICHTIIIKOIIIO, HIXK IIeH Jrcaxapu.
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Hydrogenolysis of disaccharides into propylene glycol on copper-containing oxides

Anatolii M. Varvarin !, Ivan S. Horbaniuk !, Volodymyr V. Trachevskiy 2, Volodymyr V. Brei *

LInstitute of Sorption and Problems of Endoecology of National Academy of Sciences of Ukraine
13 General Naumov Str., Kyiv, 03164, Ukraine, e-mail: brei@ukr.net

2Technical center of National Academy of Sciences of Ukraine

13 Pokrovska Str., Kyiv, 04070, Ukraine

The hydrogenolysis of 10 % methanol-water solutions of sucrose and maltose to propylene glycol on
supported copper-containing catalysts in flow reactor was studied. The highest concentration of propylene glycol
in the reaction products (0.23 mmol/ml) has been obtained in the hydrogenolysis of sucrose on
23Cu-1Cr,03/Al;03 catalyst with its full conversion at 170 °C/4.0 MPa H» and a load on catalyst of 0.8 mmol
C12H22011/gea/h. At that, the catalyst productivity towards propylene glycol consists 0.7 mmol/gca/h.
Hydrogenolysis of maltose in these conditions is characterized by 81 % conversion and low (0.04 mmol/ml)
concentration of propylene glycol in the reaction products. The main byproducts of sucrose hydrogenolysis are
ethylene glycol, hydroxyacetone, 1,2-butanediol, 1,4-butanediol and sorbitol. Concentration of propylene glycol
in the reaction products of sucrose hydrogenolysis on 23Cu-1Cr,0Os/Al,O3; does not change significantly
(0.23-0.18 mmol/ml) during 18 h of catalyst operation. Comparison of the productivities of 23Cu-1Cr,03/Al,03
catalyst to propylene glycol in hydrogenolysis of 10 % solutions of sucrose (0.7 mmol/gc/h) and glucose
(0.9 mmol/gca/h) suggests that glucose is more suitable for the production of propylene glycol than studied
disaccharides.

Keywords: hydrogenolysis, sucrose, maltose, propylene glycol, copper-containing catalyst
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CuHTe3 NOXiIHUX IMiZa30.1iHy — AKTHBHOI OCHOBM AHTHUKOPO3iliHUX 3aCc00iB

Irop M. Kapryn %, Bornan ®. Kouipko >

! Incmumym 6ioopeaniunoi ximii ma nagpmoximii in. B.IT. Kyxapa Hayionanvnoi axademii nayx Yxpainu

eyn. Mypmancoka, 1, Kuis, 02094, Vkpaina, e-mail: ik.chemic@gmail.com

2 Hayionanonuii mexuiunuii ynieepcumem Yxpainu «Kuiscoxuti nonimexnivnuii incmumym imeni Izops Cikopcbkozo»
npocn. Bepecmeiicvruii, 37, Kuis, 03056, Vkpaina, e-mail: kochirko@gmail.com

B po0oti ommcaHO METOIUKY CHHTE3y aKTHBHOI OCHOBM TBEPIOTro iHribiTopy Koposii VIuia 3aXucTy
MI3eMHOTO OOJIaTHAHHS Ta30KOHACHCATHHX Ta Ha(TOBHUX CBEPMIOBHH — l-amimo-TiZpoKcHcTeapar-
JTUETUICHIIaMiH-2-T1IPOKCUCTeapUI-IMia30IiHy Ta eTHIIeH-0ic-2-TiIpoKcu-cTeapmi-iminazoniny. Iloxigui
iMi1a30iHy Oep)KaHO KOHJACHCALEI0 TPUETHATETpaMiHy 3 12-TiApOKCHCTEapHHOBOIO KHCJIOTOIO 3a Pi3HHX
TemmepaTyp. HaBeneHo pe3ybTaTH aHATi3y MpoAykTiB peakmii Merogamu ‘H SIMP-crextpockorii Ta Xpomaro-
Mac-CIIeKTPOMETPii 3 MiABepIKEHHSIM YTBOPEHHS IIUILOBUX MPOAYKTIB HAa KOXKHIN cTafil cuHTe3y. BecTaHoBmeHo,
oo npu mpoBeaeHHI peakuii 3a Temmeparypu 280 °C  yTBOPIOETBCS 3HAaYHA KUIBKICTh ETHIIEH-0ic-2-
rizpokcucreapwi-iminazonidy. [lokazaHo MNEpCHEKTHBHICTh 3aCTOCYBaHHS TexHiuHOi cymimi l-amigo-
TiIpOKCHCTeapaT-THeTIICHIIaMiH-2-T1IPOKCUCTEeAPIII-IMITa30TiHy Ta eTHIICH-0iC-2-TiapOKCUCTEaPHII-iMITa30IiHy
JUTSL aHTHKOPO3iHOTO 3aXKUCTy HA()TOMPOBOIB.

Knrouosi cnosa. anTUKOPO3IMHNUN 3aXUCT, TBEPII IHTIOITOPH KOPO3ii, MOXiTHI iMiTa30J1iHIB

Bcmyn

Ha nadrorazoBnno0yBHHX MiAPUEMCTBAX MPOOIEMy 3aXUCTY CBEPUIOBUHHOTO 00JIaHAHHS Bij
KOpPO3i{HUX pyHHYBaHb BUPIIIYIOTh, 3a3BUYAM, XIMIYHUM METOJIOM — 3aCTOCYBaHHSM iHT10ITOPiB KOPO3ii.
Po3noBcropkeHnME  1HTIOITOpaMH KOPO3ii YOpHUX METaliB € HITPOTEHBMICHI IMOBEPXHEBOAKTHUBHI
CTIIONYKH, 30Kpema 2-3amimieHi Ta 1,2-au3amilieHi iMiJa30iliHd, M0 MOSCHIOETHCS iXHBOK BHCOKOIO
edexrusHicTiO[ 1, 2, 3].

[lepcrieKTUBHUMH METOJAMH CHUHTE3y 2-3aMillleHUX IMIiJa30JiHIB € peakIiii KOHACHcaIlii
TOJIIaMiHIB 3 BUIIIMMHU KapOOHOBUMH KUCIIOTaMu abo TXHIMU ecTepamu 3a Temreparypu 220-250 © ta gacy
npoxomkeHHs peakuii 12-20 roaun. [lociikeHHIo peakilii KoHIeHcalii eTuIeHIuaMiny 3 KapOOHOBUMHU
KHUCJIOTaMH TIPUCBSYCHI poboTH [4, 5, 6].

3 MeTOr0 MiJBMIICHHS 3aXUCTy BiJ KOpO3ii Ta 3MEHIIEHHIO 3aTpaT Ha PEareHTH MOCTIHHO
MIPOBOJIATHCS IOCIIJKEHHS 13 po3p00sIeHHs: HOBUX ()OpM iHTI0ITOPIB, SIKi O XapaKTepHU3yBaIUCh BUCOKOIO
e(eKTUBHICTIO 32 HU3bKOT KOHIICHTPAIIil BBEJCHHS.

Jana poOoTa mpucBsSYeHAa BHBUEHHIO peakiii KoHIeHcamii 12-riapoKcucTeapuHOBOI KHCIOTH
taTpuetunTerpaminy npu 240 °C ta 280 °C i aHani3y NpoAyKTiB PeaKIlii: MPOMIXHOI CyMiIlli 130MEPHHUX
IiaMiZiB,  30KpemMa  JiaMiJoriipoKcUcTeapaT-TpueTHIeHTeTpaaMiny,  l-aMigo-TiipoKkcucTeapar-
JMETUIeH1aMiH-2-T1IpOKCUCTEapHII-IMi/1a30IiHy (cromykm 1), eTHIIeH-01C-2-T1IpOKCUCTEeapHII-
iminasoniny (cnomyku 1) meronamu *H SIMP-criekTpockorii Ta XpoMaTo-Mac-CleKTPOMETPii.

Excnepumenmansna wacmuna
Buxinnumu peareHTaMu 71 IPOBEJCHHS peakiii KoHaeHcaii Oyiu:
— 12-rigpokcucreapunoBa kucnora (I'CK), (Iamis) — HacudeHa >XUpHA KHUCIOTa, OJEp)KaHa

TiIpyBaHHSAM pPHLMHOBOI OJii 3 HACTyNMHUMH (Di3HKO-XIMIYHI IOKa3HUKaMH: KHCJIOTHE YHCIIO
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180 mr KOH/r; #iogne umcno 2.4 1/100r; uncno omminenas 190 mr KOH/r; temnepatypa muiaBieHHs
75.5°.

— tpuetwienrerpamin (TETA) mis cunresiB komnanii Merck (3 gucrororo 95 mac. %).

VY 4OTHPHOXTOpIYy CKIISIHY KOJIOY, OCHAIIEHY TEPMOMETPOM, MIIIAJIKOI0, KAliJIipoM JUIsl 1o1ayi
a30Ty Ta NpsIMUM XosoauiabHUKOM 3aBaHTaXyBanu I'CK ta TETA B MmonbpHOMY criiBBigHOIIEeHH] 2 @ 1. B
sKocTi Karanizatopa pogasanu 0.1 % mapa-tonyosncynbdokucnoru. CHHTE3 TPOBOIUIH B IMOTOIII a30TYy 3
MOCTIHHUM TIepEeMIIIyBaHHSAM 3a aTMOC(HEPHOro THCKY. B 3amexHOCTi BiJ yMOB mepeliry peaxiii, Ha
nepuriii cranii, TpuBanicTio 5roxa, 3a temmnepatypu 170-180 °C yTBOpIOETBCS CyMIIl NMPOMINKHHUX
130MepuX JiaMiHiB, y TOMY YHUCII JiaMi0T1IpOKCUCTEeapaT-TPUETHICHTETPaaMiH, IKUH B MOJAIBIIOMY,
Ha Jpyrii craxii, npu miaBumeHHi temnepatypu 10 240-280 ° nukiizyeTbess B IUIBOBI MPOIYKTH —
cnonyku | Ta |1 3 Buninennsm Boau. [lepeOir peakiii KOHTPOIIOBAIM 32 KUTBKICTIO BiIITHAHOT peaKmiiHOl
BOJIM 3 HE3HAYHUM BMiCTOM HU3bKOMOJIEKYJISIPHUX CIIONYyK. [Ipy mpunuHeHH1 BUALICHHS BOIH, PEAKIIIIO

3ynuHsn. Cxema nepe0iry peakiiii npeacraBieHa Ha puc. 1.

0
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NH, \iH I8 H R
i N/\/N\/\ /g
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Puc. 1. Cxema peakuii yTBOpeHHS |-amio-TigpoKcHCTeapaT-IHeTHICH iaMiH-2-T1IpOKCHCTeapHiI-IMiJa30IIiHy
(cronyka ) Ta eTunen-6ic-2-rigpokcucteapui-iMigasoniny (crmonyka II).
R — ByrieBogHEeBHI 3aMIIOK 12-TiJPOKCUCTEAPHHOBOT KUCIIOTH

Ha cnektpometpi Bruker AVANCED RX-500 3uimanu IIMP crekTpu mpoIyKTiB peakiiii,
BHUKOPHCTOBYIOUH PO3YMHHUK JeiTepoxsiopodopm (ctanmapt TMS). XpomaTo-mMac-CrieKTpH 3aucyBain
Ha cnekTpomeTpi LC-MS — HPLC Agilent 1100 3 gioganm nerextopom Agilent LC/MSD SL. [TapameTpu
LC-MS anamizy: komonka Zorbax SB-C18 (1.81m, 4.6-15wmm, PN 821975-932), po3uuHHUK
Boja : arieroHitpwi (95:5), 0.1 % BoaHuii po3uuH TPUDTOPOITOBOI KUCIOTH; BUTpATa EIIOCHTY
3 Mi/1xB; 00’eMm BropckyBanHs 1 1; Y®-nerektop npu 215, 254, 265 um; XiMiuHA 10HI3aIisS TpU
atmocdeprnomy tucky (APCI), niamazon ckanyBanuas m/z 8§0-1000.

Pes3ynomamu ma ix 062060penns

[IpoxomkeHHsT BIANOBIAHUX XIMIYHHMX IE€PETBOPEHb 3 OJEP)KAaHHAM CHOJYK | miaTBepakeHO
BiamoBimanME [Y-criektpamu. [TokazaHo, 1m0 mapanaenbHO 31 CIOIYKO | yTBOPIOEThCS TIEBHA KUIBKICTh
cronyku |1 [7].

Metomom SMP cnektpockomii Ha sgpax ‘H migTBepmkyeThcsi yTBopeHHs cromyku | Ta
cnionyku |l. BiqHeceHHs! CUTHAIIIB y CHIEKTpaxX MPOBOAMIIH 3TiTHO 3 ONMCOM CIIEKTPiB MOAIOHUX CITOIYK,
HaBeJieHUX y po0OoTi [8]. OaHak, iHTeprpeTalis CuekTpiB OyJjia yCKIaJHeHa yepe3 OJIM3bKICTh XIMIYHUX
3CYBIB PI3HHMX IIPOTOHIB, 1110 BXOJATH A0 CKJIAJy LIUX PEUOBHUH Ta HASIBHICTIO PEUYOBUH PI13HOI MPUPOIU Y
KOXKHOMY 3 JOCIHIDKYBaHUX 3paskiB. Crmektp mpoaykty mepmoi cramii peakmii (mpu 180 °C) Ta
BiJTHECEHHS CUTHAJIIB Y I[bOMY CIIEKTpPi HaBEICHO Ha pUC. 2.
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CurHanu, 10 CHOCTEpIraloThCs y LBbOMY CHEKTpl, HIATBEPIKYIOTh T€, IO OCHOBHUM
KOMIIOHEHTOM OTPHMAaHOi 3a IIMX YMOB CyMimIi € came fiamia. HaiiOinbin iHTEHCHBHI 3 IIMX CUTHAJIB
(e—h) 3HaxomsaTecst B obnacti 0.8-1.7 M.4. 1 BIAMOBIJAIOTh MPOTOHAM T'iIPOKCHCTEAPHIBLHOTO 3aMiCHUKA.
Curnamu nipu 2.05 M.4. BIiTHOCUTBCS IO JOMILIKK BOJM Y CYMIIll, a CUTHAIM y OLIbII ClIaOKOMY IO
(a—dB oGmacri 2.1-3.7 M.4) — 10 MPOTOHIB HA aTOMax BYIJICIIIO, 1110 3B’s13aHi 3 retepoaromamu (N a600),
abo O6nu3bKi 10 HUX. BHACHIOK 1OCTaTHHO BUCOKOT MOJIEKYJISIPHOT MacH OTPUMAHO1 CIIOJIYKH, & OTKE —
MaJiol PYXJIMBOCTI i MOJIEKYJ, CHTHAJIM Yy CIEKTPl YIIUPEHi, a iX PO3IICIUICHHS, 3yMOBJICHE CIIiH-

CIIIHOBOIO B3aEMOJIIEI0, HE CIIOCTEPITa€ThCA.

O
‘el ° N < ‘N R
b \ TRt e T \"/
(CHz)s oH  (CHy)y @ L < £ H b [s] h |70
g g
6.5

T T T T T T T T T T T T T T T T T T T T T
4.0 kX 3.6 34 3.2 340 1E 26 2.4 2.z 2.0 13 1.6 14 1.2 1.0 0.E 0.6 0.4 0.z 0.0

Puc. 2. 'H SAMP cnektp npoaykry nepuioi crafii peakuii (180 °C) 3 BiiHECEHHSAM CHTHANIB

CriexTp peakiiitHoi cymimri, oTpuManoi nmpu 240 °C HaBeneHo Ha puc. 3.

BEOAG /205,10

R
}\ i § T ) : ) §
H

a ¢ A A | U "

(nin :
U\ . IWa |LJ\__J| U LJL mi.

40 38 316 34 32 30 2a 26 24 12 o 14 16 14 12 1o 08 06 04 02 00

Puc. 3. 'H-SIMP cnextp npoaykty apyroi crazii peakuii (240 °C) 3 BiTHECEHHSM CHTHATTIB
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Haii0inpmr  IHTEHCMBHMMH CHTHaJlaMM B IIbOMY CHEKTpI € CHTH&JIM  TPOTOHIB
T1IPOKCUCTEapHIBHUX 3aMiCHUKIB, TIO3HAYEHI (*), BiIHECEHHS SIKMX MOBHICTIO aHAJIOTIYHE A0 TOTO, IO
HaBeJieHe Ha puc. 2. CurHanu B aiana3oHi 3.5-3.8 M.4. BITHOCATHCS A0 MPOTOHIB 1M1/1a30I1HOBOTO IIUKITY
(a Ta b), Takum yrHOM, X TIOSIBA MIATBEP/KY€E YTBOPEHHS BIINOBIAHOT crioiykH I, a curHamu B o0nacTi
3.1-3.4 M.4. BITHOCATHCSI 10 IPOTOHIB MOTIaMiHOCTUIICHOBOIO JIAHITIOXKKY (C Ta d).

Crektp peakiiitHoi cymimii, ogepskanoi nmpu 280 °C mpezacrasiieHo Ha puc. 4.

c C . . b5

R /—\ R _ .
, N Nj(
I, O
a a L35

| :

*| H | )

c * | o
.l o | !

a | “l |
A | ﬁﬁ | || Lo
R0 147 VA VN9 A

0.5

40 3E 36 34 32 0 8 26 24 1z z0 18 1.6 14 12 1.0 0.8 0.6 0.4 0.z 04

Puc. 4. 'H-SMP cnexrp npoaykry apyroi crazii peakii (280 °C) 3 BiHECEHHAM CHUTHATIB

AHAJOrI4YHO /10 JIBOX MOIEPE/IHIX CHEKTPiB, HAHIHTEHCUBHIIINMH Y JAHOMY CIIEKTpl € CUTHAJIH
T1IPOKCUCTEAPMIILHUX 3aMICHUKIB, mo3HadeHi (*). CurHamm B oOmacti 3.3-3.4 M.4. BIHOCSTBHCS /IO
MIPOTOHIB 1M1JIa30J1iHY Ta €TUJICHOBOI IPYIIH, IO MOEAHYE 1IM1JIa30J1IHOBI Tpynu y cnionyi I, B Toif ke uac
IHTEHCUBHICTh CUTHAJIIB MPOTOHIB MOJ1aMIHOETUIIEHOBOTO JIAHI[IOXKKY, 110 BITHOCUTHCS 10 CHOJYKH I,
MOPIBHSIHO HEBHCOKA. 3BepTa€ Ha ce0e yBary 3poCTaHHs IHTEHCUBHOCTI CUTHAIB B 00acTi 2.2-3 M.4., sIKi
MOKYTb BIJIHOCUTHUCS JI0 IOMIIIIOK MTPOAYKTIB PO3KJIaLy Ta, MOXKINBO, OKUCHEHHS, IIJTbOBOI CIIOIYKH, 1110
YTBOPHJIMCSI BHACIHIJIOK BHCOKOI TeMIepaTypu CHUHTe3y. B crekTpax 3paskiB, OJepiKaHUX 3a HIDKYHX
TeMIIepaTypax, iIHTEHCUBHICTh IIUX CUTHAJIIB CYTTEBO MEHIIIA.

TouyHe miATBEpPKEHHS YTBOPEHHsS LITHOBUX CIHOJIYK Ha KOXHIM 13 CTaaiil CHHTE3y CTajo
MOXJIMBUM TIpU BUKOPHCTAaHHI METOAY PIAMHHOI XpomaTtorpadii i3 miogHo-matpudHuM (A = 254 HM) Ta
Mac-CIeKTpOMETPUYHUM (10HI3aIis — EJNEeKTPOCIpedl y peXuMi MO3UTUBHUX Ta HETAaTHBHUX 10HIB)
JeTeKTopaMH. IHTepmperalio CHEeKTpaJbHUX JaHUX MPOBOJWIM Ha OCHOBI 3arajlbHOB1JIOMOIO
miapyununka [9]. Jns 3pydHOCTI aHai3y Mac-CIIEKTPOMETPHYHHUX JaHHX, OPyTTO-(GOPMYJIH Ta TOYHI
MOHOI30TOIHI MacH CIHOJYK, III0 MOXKYTb YTBOPUTHCS y Pe3yJibTaTi MPOXOIXKEHHS peakiii KoHxaecamii
I'CK 3 TETA, HaBeaeHi y Tabmwuiii.

Tadauus. bpyTtro-dopmMynn Ta MOHOI30TONHI MacH CUHTE30BaHHUX CIOJIYK

Ne Hazga cnionyku dopmyna M, y.o.
1 | Jiamigorigpokcucreapar-TpueTHIEHTETpaaMiH CaoHgsN4O4 | 710,66491
2 | l-amigo-TigpoKcucTeapaT-IUeTHICH IIaMiH-2-T1IPOKCUCTEapUII-IMiIa30J1iH Ca2HssN4O3 | 692,65434
3 | ETunen-06ic-2-rigpokcucTeapui-iMiga3onin CaHgoN4O, | 674,64378
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Ha puc. 5 nmpuBeneHa xpomaTtorpama 3 Ii0JHO-MaTPUYHUM JECTEKTOPOM Ta Mac-XpOMaTOrpamMH

MOBHOTO 10HHOTO CTPYMY JUIs peakuiiHoi cymimri, orpumanoi 3a 180 °C, a Ha puc. 6 — Mac-CreKkTpu y

peKuMax JAeTEeKTYBaHHS MO3UTUBHUX Ta HeraTuBHUX 10HIB (ESI+ Ta ESI- BignosigHo).

Buano, 110 npyu BUKOPUCTAHHI A10HO-MAaTPUYHOTO JIETEKTOpa OCHOBHHM MK Ha Xpomarorpami

criocTepiraeTbcst B miamasoni 1.5-2 xB 1 ckiiagaerscsi i3 JAEKiIbKOX KommoHeHTiB. Ha o6ox mac-

XpoMarorpamax criocrepiraerbest 2 nonatkosi miku npu 1.22 ta 1.33 xB. Ozeprkani B MeXax OCHOBHOTO

miky (1.5-2 XxB) Mac-ClieKTpy BUSBHIIUCS MOAIOHUMHU Mi’K COOO0I0, BUTJISA] TUTIOBUX clekTpiB ESI+ Ta ESI-

MPEJCTaBICHO Ha pHC. 6.

il DAD1B, Sig=254.0,16.0 Ref=off BF322282-10 blank corrected
m
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Puc. 5. Xpomarorpama 3 Ji0JHO-MaTPUIHUM JECTEKTOPOM (@) Ta Mac-XxpoMarorpamu y pexumi no3utuBuux (b) Ta

HeraTuBHUX (C) 10HIB IPOAYKTY nepiuoi craxii peaxuii (180 °C)

RT 1.720 *MSD1 SPC, [1.637-1.805] of BF322282-10 ES-API, Scan, Frag: 100 "POS"

1 7116 a
3000000 ]
2000000 ]
] 338.4 7126
1000000 ] 204 693.6
] |157.o j = J{a o 7376
i I Y S 1
200 400 600 8o miz
RT 1.714 *MSD2 SPC, [1.656-1.760] of BF322282-10 ES-API, Scan, Frag: 100 "NEG"
1 755.6
: b
60000
] 299.2 e
40000 =
20000 755 4
] | 299.4 4 |
E TR roirae R N Lo sl :
200 400 600 800 miz

Puc. 6. Mac-criextpu nponykriB nepioi crazii peakuii (180 °C), mo MaroTh 4ac yTpuMaHHs 1.72 XB y pexumax

mo3uTHBHHX (2) Ta HeratuBHuX (b) ionis

Y cnekrpi ESI+ HaiiinTeHcuBHImmMN mik 3 M/z=711.6 Mo)XXHa OJHO3HAYHO BIIHECTH [0

IPOTOHOBAHOrO MOJIEKyIsApHOTro ioHy [MH]" ninsosoro npoaykry wiei cranii — giaminorigpokcucreapar-

TpPHETWIIEHTETpaaMiny, a Mk mpu M/z = 338.4 BIZHOCUTHCS [0 IUIIPOTOHOBAHOIO JIBO3APSIHOIO
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MonekynspHoro iony [MH2]?* cnonyku 11 (6ic-iminasoniny). Ion 3 m/z = 755.6 B cextpi ESI- Bianosigae
HETaTUBHO-3apUKCHOMY aJyKTy IiaMiJoriIpOKCUCTeapaT-TpUeTHICHTETpaaMiny 3 (hopMiaT-aHIOHOM -
[M(HCO2)]". Ormxe, ocHoBHuM mpoayktoMm peakiii 3a 180 °C € i3oMepHi giamiam, 30KpeMa
JIiaMiIoTiIpOKCUCTeapaT-TPUETHIICHTETpaaMiH,  OJHAaK, sSK 1 Oylo  MmATBEpIKEHO  HaMU
3aoMoMororoMeTony [U-crekrpockortii Ta onrcano B poOoTi [7], mOXigHI iMi1a30J11HIB TOYNHAIOTh yKe
YTBOPIOBATHCA 1 3a I1i€1, MOPIBHAHO HU3bKOI TemnepaTypu. OKpeMo CIIiJl 3BepHYTH yBary Ha IIMPOKY Ta
0araTokOMIIOHEHTHY (popMmy XxpomarorpadidHoro miky B giana3oni 1.5-2 xB, npu upoMy ion m/z = 711.6
€ HaWiHTEeHCHUBHIMM Juid Bcix cmektpiB ESI+. IlpuumHOr0 1pOro Moke OyTH YTBOpPEHHS CyMili
i30MepHUX aAiamiaiB (puc. 7), BCi 3 SKkuX, KpiMm i3omepy (D), 31aTHI yTBOPIOBATH 1MiJa30J1iHU, 30KpeMa,

cnonyky II, mpu momaneImiil mukTizanmii.

(@) R
X 1 r_M T
o] a o c
(0] R
R A g T
\n/ \/\N/\/ \/\NH2 HZN\/\N/\/N\/\NH
2

0
O)\R b R/J\o d

Puc. 7. I30oMepHi AiaMiu — MOKJIMBI IPOAYKTH peakilii Ha mepurii craaii

DAD1B, Sig=254.0,16.0 Ref=off BF322282-8 blank corrected
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Puc. 8. XpomaTorpama 3 1i0JHO-MAaTPHYHUM JIETEKTOPOM (@) Ta Mac-XpoMaTorpaMa y pe:KuMi IO3UTUBHUX 10HIB
(b) mpomykty apyroi crazii peaxiii (240 °C)

Xpomarorpama 3 JIOJHO-MaTpHUYHUM AETEKTOPOM Ta Mac-xpomarorpama ESI+ mias mpomykrty
npyroi crafii peakiii 3a 240 °C HaBeneHa Ha puc. 8. Ha xpomaTorpami 3 110 JHO-MaTPUYHUM JETECKTOPOM
MoxxHa Oauutu 1 mik npu 1.535 xB, a Ha Mac-xpoMarorpaMi oCHOBHUH ik npu 1.54 XB Ta 1Ba MiHOPHI
miku nipu 1.7 ta 1.8 xB. Mac-cnextpu ESI+, mo BinmoBinaroTs UM mikam, HaBeAeH1 Ha puc. 9.

HaitinrencuBHimuii mik y cmekrpax Ha 1.54 Tta 1.7 xB mae m/z=338.4 i BiZHOCHUTBCS [0
JUIPOTOHOBAHOTO J[BO3APANHOr0 MojeKyispHoro ioHy [MH2]** cnomykuIl. Tlpu 1.7 Ta 1.8xB
CIIOCTEpIratoThes miku 3 M/Z = 693.6 Ta 711.6 — mporoHOBaHI MOJIEKYIIApHI i0HK crionyku I Ta miamimy
BianoBigHO. Y crektpi mpu 1.8 xB € miku 3 M/z = 650.6 ta 737.6, siki MOXHA BiJHECTH 10 YTBOPEHHS THX
YM 1HIUX MOOIYHUX MPOAYKTIB peakiii. Omxke, onepxanuit npu 240 °C mpoayKT peakilii MiCTUTh 3HAYHY
KUTBKICTB crionykH 1, a Takoxk ciomyky I, aiamin Ta moGiuH1 HeineHTH()IKOBaHI MPOIYKTH.
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RT 1.542 *MSD1 SPC, [1.495-1.599] of BF322282-8 ES-API, Scan, Frag: 100 "POS"
3384
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Puc. 9. Mac-cniektpu npoayKTiB apyroi cramii peaxiii (240 °C), mo maroTh yacu yrpumanss 1.54 (a), 1.7 (b) ta
1.8 xB (C) y pexumi ESI+

T DAD1B, Sig=254.0,16.0 Ref=off BF322282-9 blank corrected
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Puc. 10. Xpomarorpama 3 JioJHO-MaTPUIHHAM JIETEKTOPOM (&) Ta Mac-XpomMaTorpama y pexuMi MO3UTHBHUX 10HIB
(b) mpoxyxty apyroi crazii peaxii (280 °C)

RT 1.518 *“MSD1 SPC, [1.469-1.572] of BF322282-9 ES-API, Scan, Frag: 100 "POS"
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15000000
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5000000
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RT 1.679 *MSD1 SPC, [1.611-1.741] of BF322282-9 ES-API, Scan, Frag: 100 "POS"
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Puc. 11. Mac-cniektpu npoaykTiB apyroi crazii peakmii (280 °C), mo marots yacu yrpumanns 1.52 (a), 1.68 (b)
ta 1.84 x8 (C) y pexumi ESI+
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[TopiBusHHS xpomartorpam (puc. 10) ta mac-cnekTpiB (puc. 11) mpoaykTiB peakiii, ogepxKaHux
npu 280 °C Ta 240 °C 1o3BONAIOTH CKa3aTd, IO NPOXYKT, ofaepxanuil nmpu 280 °C MIiCTUTH LIIBOBY
cnonyky Il Ta He3HAYHI TOMITIKH.

CknanHicTh ineHTH(]IKAI] ofep)KaHUX MPOAYKTIB CHHTE3Y MOJSATrae B TOMY, IIO BOHU SIBISIOTH
co00I0 TEXHIUHY CYMIIl JiaMifdiB, iMiga3oiiHiB Ta Oic-imina3zoniHiB. OJHaK, BUIICHABEJACHUN aHATI3
CHHTE30BaHMX 3pas3kiB miaTBepkye nukiizanito 'CK i TETA B cywmim moxigHux imiga3omiHy —
cnonyky | ta conyky Il. Taka cymimn xapakTepu3y€eTbCsi BACOKHMH aHTHKOPO31HHUMU BIACTHBOCTSIMU,
SIK 1Ie MTOKa3aHO HaMu B [7], 1 He mMOTpeOye PO3iICHHS HA OKPEMI CIIOJIYKH Ta MPOBEACHHS J10IaTKOBOT
OYHMCTKH BiJ] MOOIYHUX MPOIYKTIB peaKiii.

Bucnoeku

B nmaGoparopHux ymoBaXx 3 BHUKOPUCTaHHAM |2-TiIPOKCHCTEApPUHOBOI KUCIOTH Ta
TPUETWJICHTETPaMiHy CHHTE30BaHO TEXHIUHY cymim l-amino-rizpokcucreapaT-IueTUiIeHiaMiH-2-
T1IPOKCUCTEAPUIT-IMIJIA30JIIHY Ta eTHIICH-0ic-2-T1ApOKCUCTeapmI-iMiziazominy 3a temmneparyp 240 °C ta
280 °C.

I[IpoXOo/KeHHs Bi/INOBIAHUX XiMiYHHX NepeTBOPEHb HifTBepKeHo MeTogamu “H SIMP-criekTpo-
MeTpii Ta XpoMaTo-mac-cnekTpomerpii. Bcranosneno, mo mnpu mpoeaenHi peakuii nmpu 280 °C B
OCHOBHOMY yTBOPIOETHCS €TUIICH-01C-2-T1APOKCUCTEAPUIT-IMiTa30TiH.
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Synthesis of imidazoline derivatives — the active basis of anticorrosion agents
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Synthesis of the active base of a solid corrosion inhibitor for the protection of underground equipment of
gas condensate and oil wells, namely, 1-amido-hydroxystearate-diethylenediamine-2-hydroxystearyl-imidazoline
and ethylene-bis-2-hydroxystearyl-imidazoline is described. Imidazoline derivatives have been obtained by
condensation of triethyltetramine with 12-hydroxystearic acid at different temperatures. Analysis of the reaction
products by *H NMR spectroscopy and chromatography-mass spectrometry is presented, with confirmation of the
formation of target products at each stage of synthesis. It was found that when the reaction is carried out at 280 °C,
a significant amount of ethylene-bis-2-hydroxystearyl-imidazoline is formed. The perspective of using a technical
mixture of 1-amido-hydroxystearate-diethylenediamine-2-hydroxystearyl-imidazoline and ethylene-bis-2-
hydroxystearyl-imidazoline for anti-corrosion protection of oil pipelines is demonstrated.

Keywords: anti-corrosion protection, solid corrosion inhibitor, imidazoline derivatives
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Use of synthesised ultradispersed substances in technological systems

Larysa Yu. Bodachivska
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Ultrafine calcium carbonate was synthesized by the exchange reaction and carbonation method with
crystallite size of 7-44 nm. The size, polymorphic modification, and morphology of the crystallites were
confirmed by X-ray diffraction analysis and scanning electron microscopy. The main attention is focused on
development of methods for the synthesis of ultrafine calcium carbonate directly at the sites of well
depressurization (microcracks) and the basics of technology for eliminating or preventing fluid manifestations in
oil and gas wells. Depending on the intensity of gas occurrences, gas migration paths, the size of gas pipeline
channels, the location of depressurization areas, thermobaric conditions, as well as the technical and operational
condition of wells, it is proposed to perform sealing in one of two effective ways.

The first method involves sealing microscopic gas flow channels by transporting highly mobile low-
viscosity solutions containing chemical reagents in a colloidal state to the depressurization sites, followed by
creating conditions for their reaction and the formation of solid or gel-like sealants. To implement this method,
one inverted microemulsion is prepared, the internal phase of which is an aqueous solution with the ionic reagent
CaCly, and the second — with the ionic reagent Na.COs, which are injected together under stirring by the “jet to
jet” method to form CaCOs; crystallites and are pressed by carbon dioxide into the depressurized areas. The second
method of sealing microscopic gas flow channels involves transporting a low-viscosity solution containing one of
the reagents in a colloidal state and the other reagent in a gaseous state to the depressurization sites, followed by
creating conditions for their reaction and the formation of solid or gel-like sealants. The technical result of this
method is achieved by the interaction of calcium hydroxide contained in the polar phase of the inverted micelle
with carbon dioxide, which is pre-filled into the well. The permeability of CO, through the membrane-like
adsorption-solvent shell of biosynthetic surfactants around the calcium hydroxide facilitates the formation of
CaCOs and the pushing of ultrafine calcium carbonate by carbon dioxide into the gas-fluid channels. The well is
treated using the “sliding tamping” method in the repression-depression mode.

Keywords: ultradispersed calcium carbonate, polymorphic modification, sealing, microcracks, oil and gas
wells

Introduction

Researchers are now paying increased attention to ultradispersed nanoscale substances and
compositions containing them. These are carbonate, metal and oxide nanoparticles, carbon nanotubes,
graphenes for drilling processes, hydrocarbon stimulation, elimination of inter-column and annulus gas
flow in wells, etc. [1-4].

The objects of nanotechnology research also include ultradispersed systems, such as aerosols,
micellar colloidal solutions, polymeric ashes, and gels [2]. Thermodynamically stable dispersed systems
are heterogeneous, and their micelles can be considered effective nanoreactors for the synthesis of
ultrafine substances with a narrow size distribution, morphology, and polymorphic modification [5-6].

An important advantage of using nanotechnologies is their high efficiency with a low content of
ultrafine substances in the technological system [5]. The effectiveness of nanotechnology in oil and gas
processes is associated with the known pattern of high rheological properties of nanodispersions
stabilized with ultrafine substances in a wide range of temperatures and pressures with increased thermal
conductivity, thermal stability, and reduced filtration losses [1, 2].
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The advantages of nanosystems in various technological processes are due to some basic
properties of nanoparticles [2, 7]:

1. Due to their small size (<1 pm), nanoparticles can easily penetrate porous media, which allows
for effective changes in the physical and chemical properties of the formation, as well as easily penetrate
the intercolumnar and annular space of wells, which will help restore well integrity.

2. Nanodispersions are characterized by high stability, as surface forces exceed gravity.

3. Due to the reduction of capillary forces, respectively, the interfacial tension between
hydrocarbons and the pore medium.

4. The size, polymorphic modification, and morphology of nanoparticles can be adjusted during
the synthesis process to provide the required properties.

5. The chemical properties of the nanoparticle surface can be easily modified to impart high
hydrophilicity or hydrophobicity, or other properties.

Several studies have shown that emulsion systems containing nanoparticles are more efficient
and stable in the process of hydrocarbon displacement compared to similar formulations without
nanoparticles [8-14].

It is important to synthesize dispersed calcium carbonate, which exists in crystalline
modifications such as calcite, aragonite, and vaterite, as well as in the form of an amorphous material.
The most stable of these is calcite, and the least stable is vaterite [5-6]. Equally important is the use of
calcium carbonate dispersions as technological systems in places of well depressurization (microcracks)
and their elimination or prevention of fluid manifestations in oil and gas wells.

One of the reasons for intercasing gas flows during well operation is poor quality cementing of
production strings, leaky packers and threaded connections, and high thermobaric loads on the production
string. The combination of these factors, combined with constant dynamic loads, leads to the formation of
microcracks in the cement stone itself and at the boundary with the production casing or rock, and the
radius of solid particles that could move into the depth of depressurized areas should not exceed
1-2 microns [8, 15-16]. The use of well-known water-based emulsion sealing systems is often
accompanied by their penetration into the perforated zone of a productive formation, which leads to
colmatation of the pore environment, or creates a threat of chemical contamination of drinking water
through penetration into aquifers [15]. At the same time, they have a limited sealing capacity, and high
filtration losses (4-26 cm®/30 min) because complications associated with the formation of hydrates in the
tubing. The use of high-viscosity sealant solutions, which are pumped under pressure into the defect zone,
also does not have a long-term effect. Polymeric materials do not penetrate deep into the depressurized
channels, as the films formed on the surface of the pipes are gradually destroyed by gas condensate,
condensation, and formation water, peeled off due to pipe corrosion, and brought to the surface. Even
temporarily plugging reservoir compositions based on chemically deposited calcium carbonate, which is
formed directly in the wellbore, does not provide sealing. This is because in agqueous solutions, ionic
reactions are very fast and the resulting insoluble salt molecules instantly form aggregates with a diameter
of more than 3 microns [1].

To eliminate these shortcomings, the authors of [16] proposed approaches based on the use of
organic-based solutions. According to the developed method, the sealing of gas flow channels is
achieved by pumping low-viscosity sealing systems into the annulus, the integrity and retention of which
are maintained by a gel plug with high cohesive strength, which is a suspension of a finely dispersed
water-swelling polymer in a gel solution of water-soluble polymers (polyacrylamide, carboxymethyl
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cellulose, hydrolyzed polyacrylonitrile, lignosulfonates) or a structured invert emulsion based on oil and
fat concentrates. The sealing compound is pumped in a liquid and hot state at a temperature of 80-90 °C,
in the form of a solution of saponified talcum pitch in diethylene glycol or its waste analog and
0.5-2.0 % of a nonionic surfactant (from the group AFe-(4+6), ES-2, twin-80, ripox-6, savenol-NWP,
savenol-SWP, petrochem-1, phosphatidine) or cationic type (from the group of cationic fat, oleodin)
with subsequent purging with gas and injection of an aqueous solution of calcium or magnesium
chloride into the annulus until the sealing mass hardens.

For a selected group of wells (not disclosed to protect commercial secrets), a two-component
sealing was performed to eliminate intercasing and annulus gas flow in wells by the method of “sliding
tamping” with an 11-25 % water-alcohol solution of saponified talcum pitch in ethylene glycol,
diethylene glycol or in their mixture with a water content of 8-25 %, followed by hardening and film
formation of the sealant by crosslinking it with concentrated aqueous solutions of calcium chloride or
bischofite. A distinctive feature of well sealing was the introduction of a surfactant [17] into the
compositions, which is soluble in both water and hydrocarbons and improves the seepage of the water-
glycol solution.

The results of pilot tests of this method of restoring well integrity with solutions of saponified talus
pitch in diethylene glycol confirmed their effectiveness. In several wells, the company managed to
eliminate or reduce gas inflow from the interstitial space, reduce the interstitial pressure in the wells to a
safe level, and put the wells into operation.

The disadvantage of the above composition, as well as the previous ones, is still the unsatisfactory
penetration ability into depressurized migration channels. In addition, in most gas fields with reservoir
temperatures below 80 °C, pumping a relatively small (150-500 kg) viscous mass heated to 80-90 °C leads to
its rapid cooling and loss of fluidity, which not only fails to seal the gas pipeline channels of rock and cement
stone but also leads to complications due to thickening in the pipes and the bottom hole zone.

Further improvement of the quality of gas pipeline channels plugging and, as a result, an increase
in the workover period to eliminate the wellbore and intercasing gas flow in wells was achieved by
preliminary hydrophobization of the bottom hole formation zone and gas flow channels with a
hydrocarbon solution of cationic surfactants — oleodin, dorad [18]. The actual sealing is achieved by
pumping through perforations into the formation zone and gas flow channels of the sealing composition,
% wt., of phosphatide concentrate (65.00-95.00), cationic surfactant (0.1-1.5) and hydrocarbon solvent
(4.9-33.5).

The tests carried out with this method made it possible to eliminate gas leakage in all cases to
safe operating levels and to extend the overhaul period to 1-6 months. The short-term effect is likely to
be due to the surface sealing of the gas pipeline channels and the rapid destruction of the resulting hard
film. Before that, repeated treatments did not yield any results.

After a systematic analysis of the results of the good surveys, it was found that it is possible to
improve the quality of gas pipeline channel sealing by increasing the permeability and penetration depth
of sealing systems by using ultradispersed materials such as calcium carbonate, which are formed in
emulsion systems, directly in the depressurized gas pipeline sections.

Therefore, the aim of the work is to develop methods for the synthesis of ultrafine calcium
carbonate directly at the sites of well depressurization (microcracks) and the basics of technology for
eliminating or preventing fluid manifestations in oil and gas wells.
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Experimental

Materials

For the synthesis of biosurfactants, concentrated phosphatides (PC), a waste product from
sunflower oil refining was used. The physicochemical properties of this raw material are described in
[19-20]. Also used monoethanolamine (99.5 %), sodium carbonate, Na2COs (99.3), and calcium chloride,
CaCl2(95.4).

General methods

The chemical modification of concentrated phosphatides by transamidation of fatty acids with
monoethanolamine in the presence of calcium hydroxide as a catalyst was carried out, with a molar ratio of
PC : monoethanolamine : Ca(OH)2 of 0.1 : 0.3 : 0.04. The synthesis and isolation of the product was performed
similarly to the method outlined in [19-20]. A complex mixture of biosynthetic surfactants (bioFAA) was
obtained, the active base of which is fatty acid alkanolamides and calcium glycerolphosphatides.

In terms of physical state, biosurfactants are oil-like substances of brown color with improved
solubility in organic non-polar solvents and a surface tension of 35-36 mN/m. The synthesized bioFAA
were used to create microemulsion compositions.

The synthesis of ultradispersed calcium carbonate was carried out using two methods.

The first method is microemulsion: intermicellular interaction of two microemulsions, one with
an aqueous solution of sodium carbonate, the other with an aqueous solution of calcium chloride. Then
they were mixed in an equimolar ratio and incubated for one day. A dispersion of calcium carbonate was
obtained. To isolate calcium carbonate crystallites, the dispersed system was centrifuged at 3000 rpm for
15 min. The calcium carbonate crystallites were washed several times with ethyl alcohol and distilled
water, and then dried. The dispersion medium is ethyl ester of higher fatty acids. The molar ratio of
surfactant:isopropyl alcohol : (aqueous solution of Na2COs or aqueous solution of CaClz) is
0.02:0.4:0.1 (sample 1) and 0.04 : 0.4 : 0.1 (sample 2), respectively [4, 21].

The second method is based on the carbonation reaction: the interaction of calcium hydroxide,
Ca(OH)., dissolved in the internal phase of the microemulsion at a concentration of 0.4 M, with carbon
dioxide, COz, at a molar concentration of bioFAA (sample 3) of 0.04 M [22, 23].

The carbonation was carried out in a reactor equipped with a thermometer, a stirring device, a
CO2 supply tube and a reflux condenser. The microemulsion was loaded into the reactor, heated to 50 °C
and CO2 was supplied with intensive stirring. The CO2 flow rate was measured with a manometer. The
reactor is equipped with a hatch for loading reagents, which is hermetically sealed during the
carbonation stage. The reaction vessel during the carbonation stage is connected to the atmosphere via a
reflux condenser and a glycerine seal. The carbonation process was terminated when the absorption of
carbon dioxide by the reaction mass ceased and the pressure in the system increased. A dispersion of
calcium carbonate was obtained. To isolate calcium carbonate crystallites, the dispersed system was
centrifuged at 3000 rpm for 15 min. The calcium carbonate crystallites were washed several times with
ethyl alcohol and distilled water, and then dried.

Analytical methods

The phase identification of the products was examined under X-ray diffraction (XRD) using the
MiniFlex 300/600 diffractometer (Rigaku, Japan). The diffraction patterns were recorded using Cu-Ka
radiation (A =0.15418 nm), the operating voltage of 40 kV and a current of 15 mA. XRD pattern of
samples was obtained in the 20 range between 2° and 100° with a step of 0.02°. The scanning electron
microscopy (SEM) images were taken using Zeiss Evo-10 (Carl Zeiss Microscopy, USA) microscope
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working at 20.0 kV. 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.

Results and Discussion

X-ray diffraction phase analysis

Figures 1a, 2a, and 3a show XRD patterns of the synthesized samples (1, 2, 3) of calcium
carbonate crystallites. It can be seen that with an increase in the concentration of bioFAA, the polymorphic
modification of CaCQOs crystallites changes with size from 7-15 to 32 nm for vaterite (Fig. 1 a, method 1),
15-44 nm for calcite (Fig. 2 a, method 1) and 7-39 nm for calcite (Fig. 3 a, method 2).

Scanning electron microscopy

Scanning electron micrographs Figures 1 b, 2 b, 3 b and in diminished view — Figures 1 ¢, 2 c,
3 cillustrate dispersed calcium carbonate in ellipsoidal, cubic, and spherical shapes.

The study of the properties of nanoparticles is one of the most important areas of physical
chemistry, the development of which is associated with the development of simple and affordable
synthesis methods that allow for the production of objects of a certain shape and a given size. The use of
microemulsions with an internal aqueous phase in which the starting reagents are dissolved makes it
possible to produce new substances and materials with dimensions down to 100 nm. Due to the
nanoscale, the starting materials are actively involved in Brownian motion, during which they
continuously collide, coalesce, and break up again. This makes it possible to carry out a variety of
chemical reactions between substances contained in the polar phase and forming insoluble ultrafine
substances in it, such as CaCOs.

The size of CaCOs crystallites decreases after the addition of surfactant salts to aqueous solutions
as emulsifiers-stabilizers. bioFAA, adsorbed on the surface of crystallites, facilitates their dispersion and
simultaneously prevents their growth. The smallest size is achieved when a saturated monolayer of
bioFAA molecules forms around the particles. An important tool in controlling the modifications and
size of solid nanoparticles is the change in surfactant concentrations, the nature of bioFAA and co-
bioFAA, the ratio of water/surfactant concentrations, the type and concentration of reagents, the
properties of the aqueous and hydrocarbon phases, etc.

Using our own developments and information from the literature, we propose to develop
dispersions of calcium carbonate that can be used as technological systems in places of depressurization
and elimination of intercasing gas manifestations in oil and gas wells [1, 8, 19].

V - Vaterite

Intensity (cps)

2-theta (deg)

a b c
Fig. 1. XRD pattern (a) and SEM image (b), diminished (c) of CaCOs crystallites at a surfactant concentration of
0.02 M (method 1)
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Depending on the intensity of gas occurrences, gas migration paths, and the size of gas pipeline
channels, as well as the location of depressurized areas, thermobaric conditions, and the condition of the
wells (technical, operational, etc.), it is proposed to perform sealing in the following ways:

1. Transportation of highly mobile, low-viscosity solutions containing chemical reagents in a
colloidal state to depressurization sites, followed by the creation of conditions for their reaction and
formation of solid or gel-like sealants.

2. Transportation of a low-viscosity solution containing one of the reagents in a colloidal state
and the second reagent in a gaseous state to the depressurization sites, followed by creation of conditions
for their reaction and formation of solid or gel-like sealants.

Cc

C - calcite
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Fig. 2. XRD pattern (a) and SEM image (b), diminished (c) of CaCOs crystallites at a surfactant concentration of
0.04 M (method 1)
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Fig. 3. XRD pattern (a) and SEM image (b), diminished (c) of CaCOs crystallites at a surfactant concentration of
0.04 M (method 2)

To implement the first method, one inverted microemulsion is prepared, the internal phase of
which is an aqueous solution with the ionic reagent CaClz, and the second with the ionic reagent Na2COs3
(Method 1), which are injected together under stirring by the “jet to jet” method to form CaCOs3
crystallites and are forced by carbon dioxide into depressurized areas [4, 8, 24]. The size of CaCOs
crystallites is 7-44 nm.

The adsorption-solvent layer of the bioFAA performs a dual function. On the one hand, it
prevents the instantaneous interaction of ionic reagents, and on the other hand, it prevents the growth of
crystallites and allows controlling these processes in the desired direction at the stage of reagent
transport and, in fact, during well-sealing.

At a constant ratio of the aqueous phase to the hydrocarbon phase, the properties of the emulsion
systems change viscosity — from 0.15 to 0.44 Pa-s; density, kg/m® — 950-1070; resistance to phase
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separation in time from 4 days to 12 months; electrical stability — 125-340 V; thermal stability at 80 °C —
more than 9 days. The hydrocarbon phase is ethyl esters of higher fatty acids of oils. Due to the use of
raw materials of plant origin in biosurfactants and dispersed systems, the environmental indicator,
biodegradability, is 83-87 %.

To implement the second method of sealing microscopic gas flow channels, the technical result is
achieved by the interaction of calcium hydroxide contained in the polar phase of the inverted micelle
with carbon dioxide, which is pre-filled in the well (Method 2). The permeability of CO2 through the
membrane-like adsorption-solvent shell of biosynthetic surfactants around the calcium hydroxide
facilitates the formation of CaCOs and the pushing of ultrafine calcium carbonate by carbon dioxide into
the gas-fluid channels. The well is treated using the “sliding tamping” method in the repression-
depression mode [4, 22-23]. Subsequently, an increase in the CO2 concentration leads to emulsion
degassing, and an increase in the rate of formation and growth of CaCOs crystallites with the
corresponding sealing of the intercasing and annulus spaces.

The high CO2 concentration and prevention of natural gas emissions into the atmosphere are
achieved by pre-filling the well with a 2-fold volume of carbon dioxide and subsequent tamping of gas
pipeline channels with an inverted microemulsion under carbon dioxide pressure not exceeding the
production string pressure. An important feature of the process is a gradual increase in CO2 with a
simultaneous decrease in each repression-depression cycle of the microemulsion volume by 5-10 % and
a holding time of 10-15 min to form a highly dispersed sealing emulsion-suspension system in the gas
flow channels [8, 16-18].

The developed dispersed calcium carbonate systems can be used to develop high-temperature
complex lubricants with improved tribological properties and increased oxidation stability.

Conclusions

Dispersed calcium carbonate systems with CaCOs crystallite size of 7-44 nm have been developed
for use in well depressurization sites and the elimination or prevention of fluid manifestations in oil and
gas wells. Depending on the intensity of gas occurrences, gas migration paths, the size of gas pipeline
channels, the location of depressurization areas, thermobaric conditions, as well as the technical and
operational condition of wells, it is proposed to perform sealing in one of two effective ways. The first
method of sealing microscopic gas flow channels involves transporting highly mobile low-viscosity
solutions containing chemical reagents in a colloidal state to the depressurization sites, followed by
creating conditions for their reaction and the formation of solid or gel-like sealants. The second method of
sealing microscopic gas flow channels involves transporting a low-viscosity solution containing one of the
reagents in a colloidal state and the second reagent in a gaseous state to the depressurization sites, followed
by creating conditions for their reaction and the formation of solid or gel-like sealants.
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Bukopucranis CMHTE30BaHUX YJIbTPAAUCIIEPCHUX PEYOBHH B TEXHOJIOTIYHUX CHCTEMax

Jlapuca 1O. bonauiBcbka

Incmumym 6ioopeaniunoi ximii ma nagpmoximii im.B.I1. Kyxaps Hayionanvnoi akademii nayk Yrpainu
eyn. Akademixa Kyxaps, 1, Kuis, 02094, Vxpaina, e-mail: bodach@ukr.net

CHHTE30BaHO YJIbTPAIUCIICPCHUN KapOOHAT KaJbIlF0 pPEakiliel0o OOMiIHy Ta METOIOM KapOoHararlii 3
po3MipoM KkpucTaniTiB 7-44 Hm. Po3mip ocranHiX, nmomiMopdHy Momudikamito Ta MOpQOIOrilo MiATBEpIHKEHO
peHTreHo(a30BUM aHATI30M Ta CKaHYIOUOIO0 EJIEKTPOHHOI MiKpockomiero. OCHOBHY yBary c(OKyCOBaHO Ha
pO3po0JIeHHI CIOCOOIB CHHTE3Y YIBTPAIUCIIEPCHOrO0 KapOOHATy KajbIlilo Oe3MOCepeHhOr0 B MICIAX
posrepmern3anii CBepAJOBHH (YTBOPEHMX MIKPOTPILIMH) Ta OCHOBHM TEXHOJIOTII JIIKBiZawii 4yu momepemKeHHs
HAMH (DITI0IMOTIPOSBIB B HA)TOTa30BHX CBEPIJIOBUHAX. 3aJICKHO BiJl iIHTEHCUBHOCTI Ta30TPOSIBIB, IIUISAXIB Mirpartii
ra3y, BEJIMYMHU Ta30TPOBITHUX KaHAIIB, MOJOXECHHS PO3repMETU3YBAIBHHUX AUISTHOK, TEPMOOAPUYHUX YMOB, a
TaKOX TEXHIYHOTO Ta EKCIUTyaTaliiHOTO CTaHy CBEPIUIOBHH, MPONOHYETHCS MPOBOAUTH T€PMETH3AIII0 OJHUM 13
IBOX e(dekTuBHHX cmoco0iB. 3a mepmmM crnocoOOM repMeTu3alii MIKPOCKOMIYHMX Ta30IUIMHHHUX KaHajiB
3MIHCHIOETHCS IUISIXOM TPAHCIIOPTYBaHHS B MICIS PO3TepMeTH3allii BHCOKOPYXJIMBHX MAJIOB’SI3KUX PO3YHHIB, IO
MICTATh XIMi4HI peareHTH B KOJIOIJHOMY CTaHi, 3 MOJAJIBIINM CTBOPEHHSIM YMOB JUIS iX pearyBaHHs Ta yTBOPEHHS
TBepaux abo remenomiOHMX TepMeTHwkiB. [ns peamizamii  AaHOro Cmoco0y TOTYIOTh OIHY iHBEPTHY
MIKpPOEMYIIBCifO, BHYTpIMHA ()a3a AKoi € BOAHHN po3umH 3 ioHHUM peareHTom CaCl,, apyry — 3 ioHHEM
pearearom Na,COs, siki pa3oM 3aKauyloTh IPU NEpEMINTyBaHHI METOJIOM «CTPYMHHA B CTPYMUHY» 3 YTBOPEHHSIM
kpuctanitiB CaCOs 1 MPOTHCKYIOTbCS BYTJIICKHCIMM T'a30M B PO3repMETH30BaHi AUISHKH. 3a IPYTUM CIIOCOO0M
repMeTH3allii MiKpOCKOITIYHUX Ta30INTHHHUX KaHAJIIB BiAOYBAa€ThCS TPAHCIOPTYBAHHSA B MICII po3repMeTH3arlil
MaJIOB’SI3KOTO PO3YMHY, II0 MICTUTH OJUH 3 PEareHTIB B KOJOiJHOMY CTaHi, JPYTUH peareHT B Ta30moai0HOMY
CTaHi, 3 MOAANBLINM CTBOPEHHSIM YMOB JJIS X pearyBaHHs Ta yTBOPEHHS TBEpAX abo reiernoaiOHuX repMETHKIB.
TexHiYHMIA pe3yNbTaT JAHOTO CIOCO0Y OCITAETHCS B3AEMOIEIO TIIPOKCUIY KAIBILIO0, IO MICTATHCS Y MOJSIPHIH
(hazi iHBepTHOI MIIIEIH, 3 BYTJICKHCIAM Ta30M, SIKUM TIOTIEPEAHBO 3allOBHIOIOTEH cBeptoBHUHY. [IpornkHicTs CO;
4yepe3 MeMOpaHoMoAi0OHy aacopOIiiHO-COJIbBATHY OOOJIOHKY OIOCHHTETUYHUX MOBEPXHEBO-aKTUBHUX PEUOBUH
HaBKOJIO TiApokcuay Kamblito copusie npouecy yTtBopeHHs CaCOs i mpOTHCKYBaHHS YJIBTPaAHCIEPCHOTO
KapOOHAaTy KaJblil0 BYIJICKHCIMM ra3oM B ra3omuiMHHI kaHanu. OOpoOka CBEpUIOBUHM HPOBOASTH METOAOM
«KOB3aI040T0 TAMIIOHYBaHHS» B PEKUMI perpecis-aenpecis.

Knwuosi cnoea: ynpTpaaucnepcHudl KapOoHaT Kajblilo, noiiMopdHa moaudikaiis, repMeTHsais,
MIKpOTPIIHHHA, HA()TOTAa30BI CBEPIIOBUHI
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HOpiii L. IIaTHunbKHI

Tuemumym ¢hizuunoi ximii im. JI.B. Iucapocescvroeo Hayionanvhoi akademii nayk Yxpainu
npocn. Hayxu, 31, Kuis, 03028, Vkpaina, e-mail: yupyat@gmail.com

Haponugcs 8 pasust 1938 poky B Kuesi. Kopotko mpo moix 6arekiB. batsko Irop Bonogumuposuy
[M'stanupkuid (05.11.1910-13.07.2000), npodecop, OOKTOp XIMIYHHUX HayK, JO BHXOLy Ha MEHCIIO
o4omoBaB Kadenpy anamituaHoi ximii KuiBcekoro nepxaHoro yHiBepcureTy imeHi Tapaca LlleBuenka.
Maru Tersaa OmensHiBHa [erbman (24.01.1911-13.07.2000), kaanuaar XiMiYHEX HayK, 0 BUXOIY Ha
MEHCII0 MpPaLoBaja MOJOALIINM HAyKOBUM CIIBPOOITHUKOM [HCTHUTYTY 3araibHOi Ta HEOpPraHIYHOI XiMil
AH YPCP.

B poku BiiiHum Oarbka MOOUTI3yBasm B apmito, MU 3 Mamoro Oymu B Kwuesi, crnpoOysamu
€BaKyIOBaTHCS, aje JeCh MiJg XapKOBOM HIMII HAC BUIEPEIWIA. 3UMY MH IMPOBEIH 3 MaMOK B cei
Orynpui mig XapkoBOM 1 MOBEPHYNIHCS B HAlly KOMYHaJlbHY KBapTHpy Ha Bynuii Koponenka (HuHI
Bononumupceka), 45, ne y nBopi bynunok Buennx. [TotiM HIMII BUCENHIN HAC HA ByauIf0 HiMenbky, B
AKiH mpoxxknu 10 1959 p.

Y 1945 pomi BcrynuB 10 cepennboi mkomu Ne 131, sky 3akinguB y 1955 pormi 31 cpiOHOMO
Menasuto. Bei i poku Best ¢iM’sl JKrila B MaJIeHbKIN KIMHATI KOMYHAJIBHOT KBapTHPH.

VY mkineHI poku dacto ciyxaB Emny ®immxepansa, Jopic e, Ileri JIi Ta iHmmx mxa3oBUX
criBakiB Ha «[onoci Amepukuy. Cepen IHIINUX 3aXOIUICHb OyJIH 3aHATTS COPTOM - (hyTOON Ta iHIII irpH
y ZIBOpi, @ TaKOX B CHIOPTUBHUX CEKIIAX 3 TUIaBaHHs 1 BOAHOro mojo. Y Kuesi Ha TON yac 3HaXOIUBCS
€NMHUMA 25-MeTpoBHid OacelH 01l IIEHTPaIbHOTO CTaJliOHY, BiH OyB BJIAIITOBAHUN B MPUMIIIEHHI, 110
3aJMIIMIIOCS Tics AopeBooLiitHoi Beepocilickkoi BuctaBku. HeonHopa3zoBo OyB ueMIioHOM MicTa 3
BOJTHOT'O TIOJIO CepeJl FOHAKIB CepeIHbOro BiKy y ckiaai koManau « Tpya», oqHoro pasy mnocis 3 Miclie Ha
yeMITioHari MicTa 3 miaBaHdsg Ha quctadmii 100 M BITBHUM CTHIIEM.

Bnoma Oyma cBost 6ibmioreka, O6arato uwmraB kHuru JKrons Bepna, Mapka Tsena, O’Tenpi,
Bbpenbepi, Teonopa [paiizepa, banszaka, UexoBa, Kynpina i 6arareox iHImmMx aBTopiB. KpiM XynokHbOT
JTepaTypH, 3aXOIUIIOBABCS HAyKOBO-IMOMYJISIPHOIO JIITEpaTyporo, OCOONMBO TI€HO, sIKa CTOCYBaslacs
¢izuku. Einmreitn, bop, T'eitzentepr, Ilpeninrep, Ilaymi Oynu moimu kymupamu. IHTepec o disuxu
nigirpiBaBcs ypokamH B HIKOJ, siki mpoBoauB ['puropiii IlerpoBuu JlyOoBuK, Hioro ypoku Oymu Jyxe
3aXOIUTIOIOUYHMHU, BiH 1JTIOCTPYBaB CyTh ()i3UKU PI3HUMH PO3MOBIISIMU B JIyci «3aHUMATEIbHON (DU3UKI»
Ilepenbmana.

ITicns 3aKiHUYEHHS MIKOJIU BCTYIHMB Ha XiMidyHUH (pakynbreT KuiBChKOTO J1epKaBHOTO YHIBEPCUTETY
imeni T.I'. [lleBuenka. Sl BCTYIUB 10 YHIBEPCUTETY CPIOHMM MPHU3EPOM, MEH1 MOTPiOHO OYI0 CKIACTH OJUH
MUCHbMOBHUI iCIIUT 1 MPOUTH cmiBOeciny; A cpiOHUX mpusepiB Oyao 7 micupb Uit 49 MpeTeHAeHTIB.
CpiOny, a He 30710Ty MeJlalb 51 OTpUMaB 3a 4 6aju 3a TBip Ha BUITYCKHOMY iCTIMTI B LIIKOJIi, XO4a HACIPaBi
olLiHKa Mana OyTH HIx4ot0. CrpaBa B TOMY, 110 sl HE BMIB IMCATH IIKUIBHI TBOPHU 32 MPUHHATUMH HA TOH

MOMEHT KaHOHaMHU. X04a 3aBX/11 JTIOOUB JIITEPATypy, HABITh Y CEPEAHIN MIKOJI BUPILIMB HATUCATH IIOChH
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Ha KIITAJT ONOBIJAHHS YU POMaHy (XTO 3 HAC HE MPIisB SIKOCh MIPOCIABUTHUCS B IIKUIBHI POKH). AJie MOsI
KHIKKOBA MYZPICTh HE JI0TIOMOIVIa MEH1 B HaITMCAaHHI MIKUIBHUX TBOPIB.

VY mkineHI poku OyB anojiTHYHUM, IHCTHHKTUBHO HE CUMIIATU3YBAaB PaJSIHCHKIN Blaji, a 3 BIKOM
BCe OUIBII CBIIOMO CTaBaB aHTHPAASHCHKUM. L[bOMy CHpHSIM KHUTH, IO BUHWIUIM 3 APYKY IiJl Yac
«BIIUIMTH», TOTIM YHTAaHHS «CaMBUJAABY», SKHH TaeMHO TNEPEXOAMB 3 PYK B PYKH, DPETYIsIpHE
MIPOCITyXOBYBaHHs pajionepenad «CBoOOIM» Ta IHIINX KpaMOJIBHUX pagiocTaniiii. OxHoro pa3sy, Ha 1-My
Kypcl yHIBEpCHTETY, Ha JIEKIii 3 MapKCUCTCHKOI (hiyocodii, Ha 3anmuTaHHs, M0 TaKe paJsHCbKA BIaja,
BIJITIOBIB: «KOMYHI3M MiHYC eJeKTpudikaiis». MeHe BUTHAIM 3 ayTUTOPIi 3apajii BIaCHOTO 3a/I0BOJICHHSI.
Ha Ttoit yac Takuii BUMHOK BXKE 3aluIIaBcs 0e3 cepiio3Hux HaciakiB. [locTynoBo mepecraB BOOMOBATH
3a paJsHChKI KOMaH/IM Ha MDKHAPOIHUX 3MaraHHsAX, OKPiM TUX BHIIAJKiB, KOJIH, HAPUKIA, GyTOOIBHA
KOMaH/Ia CKJIaJianach 3 JIeB ThOX YKPAiHI[iB, OJHOTO TPY3HHA 1 OTHOTO TaTapUHA.

[Ticns 3akiHYEHHS YHIBEPCUTETY THX, XTO MaB XOPOIIi OI[iHKU, PEKOMEHIYBaJIH J0 aCHipaHTypPH.
Ha xadenpi Heopraniunoi ximii MeHi peKOMEeH/IAIli1 10 acIipaHTypy He Jalli, Xoua y MeHe Oynu Kpari 3a
HIINX OLIHKH, 1€ Bi0Y/IOCh Yepe3 Mo1 HetoOpi CTOCYHKH 3 TapTifHUMHU Ta KOMCOMOJILCHKUMH OpTraHaMH
(bakynbTery.

[Tpu BnamTyBaHHi Ha poOOTY cepel akaJeMiuHIX YCTaHOB Oyii0 6araro MOXJIMBOCTEH 1715t BUOODY,
1 BakaHciit Oyno 6araro ckpisb. S BuOpas InctutyT ¢iznunoi ximii (IPX), ae XOTiB mpalioBaTH B ramy3i
KaTaJlizy y Bl FeTepOreHHOro Karajily, ssIkuil ouoiatoBaB Boioaumup AuapiiioBuy Poiitep.

[lepmmii pik s mpamoBaB iHKEHEPOM, XOTiB O3UPHYTHUCS IO CTOPOHAX Iepell BCTYIOM [0
acmipantypu. Moim nepum yuutenem Oys ['puropiii [lerpoBuu Kopreiiuyk. S HaBiTh OyB CriBaBTOPOM
crarTi B )KypHani «KiHeTuka 1 kataii3», IpUCcBIYeHOi oqHOMY 3 «peakTopiB Kopueituyka» [1]. B Toit pik
s Ha0yB HABMUYOK €KCIIEPUMEHTAIIbHOI pOOOTH Ha KaTaJiTUYHUX YCTAaHOBKAX, IX CTBOPEHHI Ta B po0OOTi Ha
CTaHKax, fKi OyJM B MeXaHI4uHIl MalicTepHi BIAILTY.

VY 1961 poui Bctynus 10 acnipantypu Bonoaumupa AnnpiiioBuda Poiftepa, ciiBkepiBHUKOM Oyiia
Hina OnexcanapiBHa CtykaHoBcbka. CkilaB BCTYHMHHM icnuT 3 ¢i3ndHOT XiMii (rosioBa komicii JMutpo
MuxonaiioBuy CTpaxkecko) 3 OLiHKOI0 Bcboro 3 Oanu. HajMipHa BrieBHEHICTh B 001 MEHE 3aHalacTiIa,
710 ICIIUTY MPAKTUYHO HE TOTYBABCH.

B acmipaHTypi mpalifoBaB 3 BEIMKUM €HTY31a3MoM 1 camocTiitHo. [Ipo cBoto po6oTy roBopus 3i
CBOIM HayKoBUM KepiBHUKOM B.A. Poiitepom nuie 3 pa3u 3a Bech 4ac acmipaHTypu. B oauH 31 cBoix
BI3UTIB 51 MPUUIIOB 10 HHOTO 3 MUTAHHAM PO KIHETHKY, HA KU MU HE MOTJIM 3HAWTH BIAMOBiII. A i
qac koH(pepeHii B Mocksi B.A. Poiitep mo3naiiomus MeHe 3 Muxaitnom [caakoBudyem ThOMKIHUM, 3 SKUM
MU obroBopuin Moro npobnemy. Ha Bce moe xutts M.I. ThOMKIH cTaB Al MEHE HE3alepeyHuM
aBTOPUTETOM.

AcmipaHTypy 3akiH4MB A0cTpokoBo. Toxi Poiirep OyB 3aiiHsATHII minroroBkoro «JloBiaHHMKaA 3
KaTaslizy» 1 3alpollOHyBaB MEHI HpPUENHATUCA 10 Li€l poOOTH 3a LIICTh MICAIIB 10 3aKiHUEHHS
acmipaHTypH.

[Ticna 3axucty xanauaarchkoi auceprauii (1965) mpiss npamoBatu 3 ['puropiem I3panieBudyem
Tonoanem. BiH 3akiHUMB YHIBEpPCHUTET BCHOTO Ha DIK padimie 3a MeHe 1 BctynuB a0 [PX. Mos mpis
3AificHUIacA, MU TIOYajH TpalioBaTH pa3oM y TicHiM rpymi — I'puropiit I3pamieBuu lononens, Hina
IBaniBHa ImpyeHKo Ta . I MU BTPHOX MparfoBasiv IIi4-o-1o1id 10 1981 poky, MoKu TOMIMIHIN TUpEKTOp
Koctsutin bopucoBnd SInuMUpChKUil HE 3apONOHYBaB MEHI OYOJIMTHU BiJIII TETEPOTCHHOTO KaTaisy,

sxuit Toni oyomosas [.I1. Kopreiiuyk.
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Mos nepia peaxiisi — BigMoBa. Sl He yaBisaB cebe 6e3 pobdotu 3 T'onoauem ta LinpueHko, Hac Tak
Oararo moB’s3yBasio. MoXHa CKa3aTd, 10 MM JOINOBHIOBAJIM OJMH OAHOTO B HAIIM CHUIBHINA pOOOTI.
Kondmixtu Tex Oynu, ane OpyaHy OUTU3HY Ha JIIONAX HE Mpaid, 3HAXOAWIM KoMipomicu. Ha Benmukuit
®anb, Mol Jpy3i minum 3 xkuTTs: [onomen — 17.07.1992; Inpaenko— 17.06.2001. [xHiit Bigxim cras mst
MeHe BaXKuUM ymaapom. SI OyB 3 HUMU JIO CaMOTro KIiHIIS IXHBOTO XKHTTs, 3 [ojoamnem y mikapHi, 1e BiH
MPOJIeKAB OJIM3BKO 2-X MICAIIIB, 3 [IIBYEHKO 10 OCTaHHBOTO i1 MOIUXY, OYKBaJIBHO.

[ToBepratounich 10 pobotu B acmipanTypi. Tema nucepramii: «JloCmiTKeHHS KiHETUKH
KaTaJIITHYHOTO CHHTE3y amiaky B YMOBax XiMi4HOi piBHOBarm». OCHOBHI pe3yJIbTaTH pPOOOTH
omyOnikoBani B crarti [2]. Y pmaniit poGoTi OyB BCTAaHOBIEHHMH IIBUIKWN 130TONHHMIA OOMIH MiX
ra3onoAiOHUM aMiakoM i a30TOM, aICOPOOBAHUM Ha 3aJ1i3HOMY KaTaji3aropi, TOOTO OyiI0 OTPUMAaHO MpsiMe
CBITUCHHS TOTO, IO aAcOpOIis a30Ty € JIMITYIOUOK CTaai€l0 peakiii CuHTe3y amiaky. Takox
eKCIIEPUMEHTAIBHO OOIPYHTOBAHO, L0 a/IcOPOLIis a30Ty OMUCYETHCS 130TEPMOIO, sIKa BiJloMa sIK 130TepMa
TromKkiHa.

[Tix yac HaB4aHHS B acmipaHTypi MEHE 3axXOnuiau poOoTH ThOMKiHA 3 MeXaHI3My Ta KiHETHKH
CHHTE3y amiaky, KoHuemnuis J[. XopiyTi mpo cTexioMeTpryHi YUclia XIMIYHUX PeaKiii Ta ii BUKOpUCTaHHS
1Tl BU3HAYCHHS JTIMITYIOUMX CTaJlill y mepediry peakuiid. L1i 3HaHHs 6arato B YoMy BU3HAYMIIU JIJIsI MEHE
XapakTep MOIX BIACHUX JOCIIIKEHb.

Y rpymi lomomust s 3aliHSABCS BHBYCHHSAM B3a€MO3B’SI3Ky MIDK TEPMOJMHAMIYHMMHU Ta
KaTATITHYHUMHU BJIACTHBOCTSMH TBEpPIMX KartamizaropiB [3-7], a TakoX CHCTEMAaTH3alli€l0 Ta
KJ1acu(iKaIi€o Ta30BUX TeTEPOreHHO-KATAIITHIHUX PEAKI[iH 32 Y4aCTIO0 MOJICKYJISIPHOTO KHCHIO [§, 9].

Ha nmouatky Moei pobotu B rpymi ['0101115 5 TakoK CIIPOEKTYBaB BaKyyMHY YCTaHOBKY 3 JBOMa
peakTopaMu Ta MUPKYISIIHHUM HACOCOM JIJIsl IOCTIKEHHS acopOIlii KHCHIO Ta KIHETHKHU KaTaliTUIHOT
peakuii okucneHHs BoxHto [10-17] (mpumiTHO, 1O ycTaHOBKa mepeOyBajia B eKCILTyaralii ax [0
2000 poky). Cepen iHIIOTO, OTPUMAHO TEPEKOHIIMBI OKa3u TOTO, IO PEaKilis OKUCHEHHS BOIHIO HA
katanmizatopax V20s 1 V205-MoO3 BifOyBaeTbcs 3a NEBHMX YMOB 3a T€TEpOTr€HHO-TOMOT€HHUM
MexaHi3MoM. Briepiie as poro Buy Karasizy Oynia 3arpOonoHOBaHA KiIHETHYHA MOJIENb, B OCHOBI SKO1
JIe’KaB JIeTalbHUN MEXaHi3M IeTepOreHHOr0 OKMCHEHHS BOJHIO Ha OKCHUHMX KaTraizaropax.

Y 1971 p. 3 inimiatuBu [I. Tonoaust Oynu HamideHi HampsAMKA MalOyTHIX JOCHITKEHb JUIS
H.I. InpueHko Ta MeHe, K OCHOBa HamMX MalOyTHIX AOKTOpchbkux auceprauiit: mist H.I. Inpuenko —
reTeporeHHO-KaTaJiTHYHE CEICKTUBHE OKUCHEHHS aMiaKy, ISl MEHE — CEJIEKTUBHE OKMCHEHHSI O-KCHJIONY.
OnHuM 13 3aBIaHb TaKUX JIOCIHIPKEHb OyJI0 BIUIMB Ha MIIHICTh 3B’S3KY KHCEHb-KaTalli3aTop, a TaKOXK
KHUCJIOTHO-OCHOBHUX BJIACTUBOCTEH Karaji3aTopiB Ha iX aKTUBHICTb 1 BHOIPKOBICTH B THpolecax
OKHMCHEHHS HEOPTaHIYHMX 1 OpraHiYHUX PEYOBUH MOJIEKYISIPHUM KUCHEM.

CeneKTUBHE OKHMCHEHHSI O-KCWJIONY B LIJIBOBUH NPOAYKT (TaneBUH aHTIAPUA Ha TBEPIUX
KaTaJli3aTopax MPOTIKa€ 3 MOCIIOBHIUM YTBOPEHHSAM MPOMIKHUX MPOIYKTIB — O-TOIYLIOBOTO aJIbJETiYy,
O-TOJIY1IOBOi KUCIOTH, (ramigy. 3HaouM Iie, s 1MoYaB 3aMHCIIOBATUCS MPO Te, SK Iel Ipolec Moxe
MIPOTIKATH Ha TETEPOreHHUX KaTai3aropax, 1 IpUHIIOB A0 AYMKH, 110 OKUCHEHHSI O-KCUJIOTY Ha OKCUAHUX
KaTaJli3aTopax Mae€ MPOTIKaTH IOCHIJOBHO Ha TOBEPXHI KaTajizaTopa 3 BUAUICHHSIM NPOMIXHHUX
MPOAYKTIB peakiii B ra3oBy ¢a3y. [li3Hime e npurymenHs Oylio MiATBEpIKEHO eKCIIEPUMEHTAIEHUM
IIJISIXOM.

Jloktopchka nucepranisi «Jlocii/keHHsT KIHETHKH, MEXaHI3My 1 3aKOHOMIpHOCTEeH migdopy
KaTaJli3aTopiB Al OKMCHEHHS apOMaTWYHUX BYIVIEBONIHIB» Oyma 3axumieHa B 1978 poui, ogHuM 3
onoHeHTiB 0yB M.I. Temkin. ¥ auceprartii Oynu oTpuMaHi HaCTYITHI OCHOBHI pe3ynbrarti [18-36]:
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razodaszHe reTeporeHHO-KaTATITHYHE OKHUCICHHS apOMaTHYHUX BYTJIEBOJIHIB 3MIMCHIOETHCS 32
MEXaHI3MOM MOYEpProBOr0 OKHMCHEHHS-BITHOBJICHHS 3a YYacTIO IOBEPXHEBUX KHUCHEBUX OKCHUIHUX
KaTaJli3aTopiB.

B3aemMonisi apoMaTHUHOTO BYIICBOAHIO R 3 MOBepxHE0 KarajizaTopa BKIIIOYAE PsiJl TOCIIJOBHUX
CTaJlii, B X0/ IKUX YTBOPIOIOTHCS a1COPOOBaHi OPraHiYHi CIIOIYKH 3 TOCTYNOBO HAPOCTAIOYHM CTYTIEHEM
OKkHCHeHHs. Jleski 3 IMX CHOIYK MOXYTh HE TIJIbKM MiJJIaBaTHCA MOAAJBIIOMY OKHCHEHHIO, alie i
necopOyBaTH, NalOYW MPOAYKTH YACTKOBOTO OKHUCHEHHS. IMOBIPHICTH IHMX MPOIECIB 3QJICKHUTH BiJl
MOBEPXHEBOI KOHLEHTpAIlil KUCHIO, 10 BH3HAYAETHCS CIIBBITHOUICHHSAM MapIiialbHuX THCKIB R 1 O2
(Pr/O2). Tomy Benmumua Pr/O2 icTOTHO BIUIMBa€ Ha CEJICKTUBHICTH (3 ii 30UIBIICHHSIM 3pOCTae
CEJIEKTUBHICTD JIs1 IPOJYKTIB 3 MEHILIUM CTYIIEHEM OKUCHEHHS).

BruB moBepxHEBOi KOHIICHTpAIlii KHCHIO Ha CEJIEKTUBHICT Oylio Oe3MmocepeIHbO MiATBEPIKEHO
B EKCIIEPUMEHTAX IO BiTHOBJICHHIO OKCHUHOBA/I1€BUX KaTali3aTOPIB O-KCHIIOIOM.

Ha ocHOBI 3ampornoHOBAaHOTO MEXaHi3My OTPHMAHO BiJIMOBiIHI KIHETHYHI DPIBHSHHS SIK JUISA
IIBUJIKOCTEH CyMapHOTO MEPETBOPEHHS BYIJIEBOIHIB (0-KCHUJION, M-KCHUJION, TOIXYOJ, HATalliH), TaK 1 s
MIBUIKOCTEH TapiialibHUX peakiiil 1 celekTuBHOCTEH. [lpu mMbOMYy KOHCTaHTH IIBHIKOCTI aacopOIrii
KHCHIO OIHAKOBI ISl PI3HUX BYTJICBOJHIB.

BuBYEHHST KOHKYPYIOUHX pEakiliii OKUCHEHHS! apOMaTUYHUX BYIVIEBOJHIB MTOKA3aJIo, 110 B3a€MHE
raJbMyBaHHS peakiiii 00yMOBIIEHO 3MEHILIEHHSIM MMOBEPXHEBOI KOHLEHTpalil kucHio. [lokazano, mo 3a
JOTIOMOTOI0 METOJly KOHKYPYIOUMX peakliii MO)KHa MOPIBHSIHO JIETKO BH3HAYMTH BiHOCHY PEaKIHY
37IaTHICTh aPOMATHYHUX CHOJYK MpPU iX KaTaJiTUYHOMY OKMCHEeHHIi. Iloka3aHo Takoxk, IO peakuiiiHa
37IaTHICTh APOMATUYHUX CIIONYK 3aJI€XKHUTh BiJl MIIHOCTI arakoBaHoro 3B’s3Ky C-H B okxucHeHomy
BYIVIEBO/IHI; IPU 3MEHILICHHI €HEeprii pO3pUBY 1IbOT0 3B’ SI3Ky peakiliiiHa 3aTHICTh 3pOCTaE.

Po3po0iieH0 MeTOon BUMIPIOBaHHS TOBEPXHEBOI KOHIIEHTpalii KHUCHIO O€3M0CepesHbo IpH
KaTaJIiTAYHOMY OKMCHEHH1 apOMaTHYHHX ByINIeBOAHIB MeTozoM EITP.

3po0sieH0 TPUMNYLIEHHS NP0 MOXIMBICT PEryJIOBaHHS CEJIEKTHBHOCTI MUISAXOM 3MiHH
KOHIEHTpAIlll KaTaJiTHYHO aKTMBHOTO KOMIIOHEHTa Ha iHepTHOMY Hocii. Lls rimores3a IpyHTyeThCs Ha
TOMY, III0 UMOBIPHICTh TOBEPXHEBOI'O OKMCHEHHSI IPOMIXHUX OPTaHIYHUX YaCTHHOK 3aJI€)KUTh BiJl YACTKU
«KJIACTEPHHUX» 10HIB aKTUBHOro Mertaiy. CrpaBe/UIMBICTh LUX YSBJIEHb Oyja KUIBKICHO MiJTBEpIKeHa
eKCIIEPUMEHTATbHUMU JJAaHUMH 110 OKUCHEHHIO O-KCHJIONY.

[TokazaHo, 110 B YMOBax CEJIEKTUBHOIO OKHMCHEHHS apOMaTWYHMX BYIJICBOAHIB HAa OKCHUIHHUX
KOHTAKTaX KaTaJiTMYHa aKTHUBHICTh BU3HAYA€THCS TOJIOBHUM YHMHOM EHEPTri€l0 KHUCHEBOTO 3B S3KY 3
MOBEPXHEIO Karaji3zaropa.

Enepris 3B’s3Ky KHCHIO TakoX 0araro B 4YOMYy BHM3HA4a€ CEJEKTHBHICTb. Y pa3l KHUCIOTHHUX
MIPOJYKTIB IIeH 3B’SI30K CIIOTBOPIOETHCS, SIKIIO KHUCIOTHICTH MOBEPXHI OKCHJHOTO KaTai3aTopa HUXKYe
MIEBHOT'O PiBHSI.

3HaliIecHO HOBUHM THIT KaTasli3aTOPiB OKMCHEHHS O-KCHJIONY A0 (hTaleBOTO aHTiPHUIYy - aKTUBHI
BYTULJIS, SIKI MMOE€JHYIOTh BUCOKY CEJIEKTHUBHICTH 31 3HAYHOIO 3arajlbHOI0 aKTHBHICTIO 32 MEBHHUX YMOB.
Bubip akTHBOBaHOTO BYTJUIS B SIKOCTI KaTaji3aTopiB OyB 3aCHOBAaHHMI Ha MijJCTaBi paHillle BUCIOBICHOI
rinore3u ['.I. [onoaus npo KoMOIHOBaHUH BITUB €HEPTii 3B’ 3Ky KHCHIO 1 KHCIIOTHOCTI Ha CEJIEKTUBHICTh
JUTS. KUCITUX TIPOAYKTIB.

[TizHimme Oynu MPOJOBXKEHI POOOTH MO CENEKTUBHOMY OKHCHEHHIO apOMAaTHYHUX BYIJICBOIHIB
[37-44]. 3okpema, MmoKa3aHo, L0 3arajibHUI MEXaHi3M peakxiiiii, IpuIaTHUM Uil BCOTO CIIEKTPY YMOB,
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BKJIIOYAE SIK CTaJli CHOHTaHHOI JecopOIii MPOMINKHMUX CIIONYK, TaK 1 CTadii CHpsHKEHHS AecopOrii 3
OKHMCHEHHSIM MTOBEpPXHI KaTasizaTopa.

Takox Oynu mpojoBxkeHi pobotn Ha Byniix [45]. Kpim Toro, 3a mponosuuieto B.JI. IToxonenko
OyI10 poBeZIeHO TOCIiKeHHs [46], B IKOMY BUBUAJIOCS OKMCHEHHSI O-KCUJIONY Ha MeJlaHiHi, 0 Ma€ psij
XapaKTepUCTUK, BIACTUBUX KarajizaropaMm ra3odasHuUX OKHMCHIOBAJbHHMX peakuiid. byno mokaszaHo, mo
MEJaHIH Ma€ BHCOKY CEJIGKTHBHICTH 32 ()TAJCBUM aHTIIPHUIOM Y IMOEIHAHHI 3 BHCOKOK CHCIH(ITHOIO
aKTHBHICTIO.

Hesixmii wac rpyma .1 Tomomus mpamroBana HaJ TOMOTCHHUM 1 ()epPMEHTATHBHUM OKHCHECHHSIM
nipokarexomy [47-53] 3 MeTOI0 BCTaHOBIICHHS CIIUIBHUX PHC 1 BIIMIHHOCTEH y mepediry reTeporeHHux i
TOMOTEHHHX KaTaJIiITHYHUX MpoLeciB. ByB 3anpornoHoBaHMi MEXaHi3M MPOIIECY, 10 KaTalli3y€e€ThCs I0HAaMHU
mini Cu®*, icTOTHOI0 0COOIMBICTIO MeXaHi3My € OJJHOYACHA y4acTh 000X peareHTis (mipokarexomny i O2) y
B3aeMOJi1 3 KatanizatopoM. EkcTpemanbHa 3ajeKHICTh IIBUAKOCTI OKMCHEHHs mipokarexony Big pH
PO3YMHY KUTBKICHO OMUCYETHCS KIHETHYHUM PiBHSHHSIM, 1110 BUILIMBAE 13 3a1IPOMIOHOBAHOTO MEXaHI3MYy.

VY 1981 poui MeHe MpU3HAYWIN 3aBiyBayeM BiJJIily T€TEPOTCHHOTO Karaji3y, sIKUi IpoiCHyBaB
1o novarky 1989 poky, konmu s mepeMiioB Ha MOCaay TOJIOBHOTO HAYKOBOTO CIIBPOOITHHKA BiJUILTY
KaTaJTITHYHUX CUHTE31B Ha OCHOBI Mosiekyn Ci, Je Mpaloio 1 o0 ChOTOJHINIHINA JeHb. B MeHe He Oyio
XHCTY A0 aIMIHICTpaTHMBHOI pOOOTH, TUM HE MEHII BiAIUI MpAaIlOBaB HEMOTraHO, HAaBITh y TAaKOMY
€K30TUYHOMY BH/II, SIK «COLIATICTUYHE 3MaranHs», BT HE Tac 3aHiX.

VY BiIiJii TeTEpPOreHHOT0 KaTaji3y MpamioBagyd YOTUPH TPYNH CHiBPOOITHHUKIB MM KEPIBHUIITBOM
B.IT. CraceBuu, M.I'. Mapuentoka-Kyxapyxk, FO.B. binokonutoBa ta H.II. €BMEHEHKO, 3 SIKUMU y MEHE
IIBUJKO CKJanucs n1o0pi ainoBi BigHocuHu. PoOoTa, 1110 BUKOHYBasIacs y BiJLII, B SKil 51 OpaB aKTUBHY
y4yacTb, Oyfa CHpsSMOBaHAa Ha BHMBYEHHS PEAKIIH KaTaliTUYHOTO OKHMCJIEHHS, a TaKOX Ha poOoTy 3a
NOMYJISIPHUM Ha TOoH yac HampsMkoM «Ximis Ci» [54-119]. bararto 3 mux mpamp JSIJId B OCHOBY
nokTopcbkux auceprauiit M.I. Mapuentok-Kyxapyk, FO.B. binokonurosa ta C.M. Opnuk.

Byno 3anponoHoBaHO HETPHUBIAJILHUI MEXaHi3M BIUTUBY JIOKCHAY CIPKHM Ha KIHETUKY OKHCHEHHS
CO Ha IaTHHOBUX MeTallaX, 110 Y3rO[KYEThCS 3 €KCIIEPUMEHTAILHUMU JTaHUMH.

Oco0nMBo MeHe IIKaBUJIM Taki SIBUINA, SK MHOXHUHHICTH cramioHapHux ctaHiB (MCC),
aBTOKOJIMBAHHs, HE3BWYalHI BUJIM B3a€EMHOTO BIUIMBY KOHKYPYIOUMX PpEaklid, IO 3yCTpidaloThCs B
KaTaTITHYHUX PEaKIlisX.

3 BUKOPUCTaHHSIM METOJY PO3IUIBHOTO KaJIOPUMETPYBAaHHS IPU JOCIIPKEHHI OKUCIIEHHS OEH30I1y
OyJ10 BUSIBIIEHO TUBOBIXHMU (DAaKT: y MPUCYTHOCTI MJIATHHOBOTO 200 MaslaJieBOTO KaTaii3aTropa 3aBIsKU
Nepexoqy B I€TEpPOreHHO-TOMOTEHHUN pPEXHMM peakilis rnepebirae 3 BUCOKOIO HIBHJAKICTIO HaBITh NMPH
KiMHaTHIN Temneparypi. s moscCHEeHHs BUABIECHOTO e(eKTy Brepiie Oyino 3po0JieHO MPHUITYIIEHHS, 1110
KaTaJli3aTop MOXKE He TIJbKHU 1HILIIOBAaTH JAHLIOTOBUH Ipolec, aje W OpaTu ydacTb B pO3raiyKeHHi
JAHLIOTIB. 3allpONOHOBAHA CXE€Ma PEaKIlii J03BOJMJIA TAaKOXk MOSCHUTH HAsSBHICTH JBOX CTalllOHAPHHUX
PEKUMIB IpOIIECy 3a OJHAKOBUX 30BHIIIHIX YMOB.

[Tepmri cripoOu BUSABICHHS ABTOKOJIMBaHb Oynu 3pO0JIEHI MHOIO 3a JIOIIOMOIOI0 HAasBHOTO B
POy MpPOrpaMOBAaHOIO KaJbKYyJlATOpa, SKUH TOAI BHUIYCKAaBCS OJHMUM 3 KHIBCHKHX 3aBOJIB
MikpoeneKkTpoHiku. Kanabpkynsatop OyB OCHAIIEHUH TPOTPaMoI0 pO3paxyHKy 3a MetonoM Pynre-Kyra, mo
JI03BOJIJIO 3HAXOAWTH AaBTOKOJHMBAHHS B KIHETHIl peakliif 3a 3alaHUM MexaHi3MoM. Po3paxyHku
BUMarajiu Oarato yacy 1 HOCHIIOUOCTi, aje KOJW BOHM Oylu 3HAAEHI, S BigUyBaB BeIWYE3HE

3aJI0BOJICHHS, SIK, HATIPUKIIAJ, BiJl IPEKPACHOT My3UKH.

Catalysis and Petrochemistry, 2024, 35



Kamaniz ma nagpmoximia, 2024, No35 121

3 miTepaTypHUX JKepen Oyiao BiOMO, IO B PEeakilii OKUCHEHHS BOJAHIO MOXKIIUBO iICHYBaHHS HE
OIHOI, a JIByX MEX CrHajlaxy B 3aJIeXHOCTI BiJ HaNpsMKY IMEPEeXoJy MIX CIajJaXxoM Ta MPaKTHYHOIO
BIJICYTHICTIO peakilii. MHOIO Oy/0 MOAaHO MOSCHEHHS LBOTO (akTy. 3aMiCTh KJIACHUYHOTO 3alHCy el
cranii (H + cTinka — oOpuB JaHLIOTIB) 3amnponoHoBaHo ii jaeramizoBaHuil MexanisMm (H+Z — ZH,
H + ZH — Z + H>) ta cTanito reTeporeHHoro po3BuTKy jJaHmoriB (ZH + Oz — Z + HOz2). Toai MoxxiuBo
ICHYBaHHSI IBOX CTIHKMX CTaIllOHAPHUX CTaHIB 1 BIMOBITHO ABOX Pi3HUX IOJIOKEHb MEXI CHaJIaxy.

B poborax Bimminy rereporeHHOro karamizy npu TigpyBanHi CO Ha HaHeCcEeHOMY mMamnaiii Oynu
BUSIBJICHHI aBTOKOJMBAHHS IIBUIKOCTEH YTBOPEHHS MPOAYKTIB PEaKIliif, a TaKOX XJIOPUCTOTO METHILY,
KU YTBOPIOBABCS B Pe3yJbTaTi B3a€MOJIl PEaKIiiHOI CyMmiln 3 XJIOpBMICHMM Karamizaropom. Jlis
OCTaHBOTO BHIAJKy OyJIO 3alpolOHOBAHO MeEXaHi3M, SKHH JI03BOJIB IHTEPIPETyBaTH 3HAWJCHI
aBTOKOJINBAHHS.

Pi3Hi THIM KIHETHYHUX OCLLUIATOPIB OyiH 3ampornoHoBaHi B poboti [120], B Tomy B ToMy 4mcIi
HaANMpOCTIlMiA B TETEPOreHHOMY Kartai3i ocuiistop [121].

Bynu cyTTEBO pPO3BHHYTI OCHOBM METOY KOHKYPYIOUMX DEaKIiii B TeTepOreHHOMY KaTalisi
[87,92, 95,96, 100-102, 110, 122, 123]. 30kpema, TEOPETHUYHO 1 EKCIIEPUMEHTAIBHO TMOKa3aHO, IO B
NEBHUX YMOBaXxX OJlHA 3 peakiiii MoXe NMPHUCKOPIOBaTH iHINY. [HIINI HeTpuBianbHUN €(EeKT B3a€EMHOTO
BIUTMBY KOHKYPYIOUHX peaKiiii HOJIsIraB y CHILHOMY raJIbMyBaHH1 OJHi€1 peakIlii iHIIOr0 HaBiTh TO1, KOJU
MOKPUTTA MOBEPXHI aICOPOOBAHIMH CHIOITYKAaMH € HE3HAYHHUM.

PoGotu, siKi CTOCYIOTHCSI MHOXXHHHU CTALlIOHAPHHUX CTAHIB, aBTOKOJIMBAHb Ta METOy KOHKYPYIOUHUX
peaxiiiii B rereporeHHOMY KaTalizi, Oyinu 3roioM y3arajibHeHi B MoHorpadii [124].

B 90-x pokax MHHYJIOrO CTOpiYUs Ta HA MOYATKy HUHIIIHBOTO IPOBOJMINCH pOOOTH 3 IHO3EMHUM
¢biHaHCYyBaHHAM:

— xoproparieit AMOCO, CILA y 1994-1995 pp. 3 OKHUCHIOBaJILHOTO CIIOIY4YEHHSI METaHY;

— xopropanieii BP AMOCO, CIHA y 1996-1999 pp. 3 karaiiTMyHOi KOHBepcii MeTaHy Yy
¢dbopmanbaeru Ta METaHOT;

— INCO-Copernicus, €Bpoma y 1997-2000 pp. 3 OKHCHIOBAJILHOTO CIIONyYEHHSI METaHY;

— Petroleum Energy Center, Snonis y 1999-2000 pp. 3 ®imep-Tponur npouecy;

— Swiss National Science Foundation, IIBeiiiiapus y 2000-2003 pp. 3 napuiaJbHOro OKUCHEHHS
MeTaHy kucHeM Ta N2O y popmanbierus; cymicHo 3 Swiss Federal Institute of Technology, Institute of
Chemical Engineering (LGRC/EPFL).

Takox 3aBISKH 1HO3eMHOMY (DIHAHCYBAHHIO S B35IB y4acTh Y MIXKHAPOAHUX KOH(EpeHLisx:

— 5th European Workshop Meeting on Selective Oxidation by Heterogeneous Catalysis, bepmus,
@PT, 1995;

— Third European Congress on Catalysis, Kpakos, [Tonsima, 1997,

— 12th International Congress on Catalysis, I'panana, Icnanis, 2000;

— EuropaCat-VI, Incopyxk, ABctpis, 2003.

B xBitHi 1991 p. 1 Buepme Binsinas CIIIA. B aeponopry Hero-Mopka Mere 3ycTpiB Mili naBHiii
apyr HOpiit bepiit 3 npyxunoro. bing miBropa Micsiui s roctioBaB y HuX B KomamOyci (mrrar Oraifo). 3a
neit nepios My HaBinamu mexinbka mict: Linnunari, Iitc6ypr, Bammurton, Heto-Hopk (mo6ysaru 8 Hero-
Hopxy Gyo Moero Mpiero 3 muTuHCTBa). [loTiM 3HOBY 3a 3anpormennsm FOpis g rocTioBas y Hboro B 1995,
1998 1 2001 pokax B Enmnetoni (Bickoncin), B 2006 1 2012 pokax B bonita Crpinrc (®nopuaa). Y mene
30epirmch Halikparii BpaskeHHs Bil CHOTy4eHUX MITATIB 1 aMePUKAHCHKOTO HAPOJY.
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3a yac noiznku B CIIA B 1995 p. s Takox BiZBiIaB OJMH 13 JEMapTaMEHTIB HAYKOBOTO LIEHTPY
kopnopauii AMOCO 6ins Yukaro, aupextop aenapramenty Kapa Ymnosudu. HeBnoB3i s moapyxuBcs 3
nuM. Kapn nomapysas mMeHi lap-top koM 1oTepu (SIK JUPEKTOp JeNapTaMeHTy, BiH He OyB 3a00B’s3aHUI
3BITYBATH IpO 11€). 3 JOMOMOTOIO0 IIMX KOMIT I0TEPiB 51 pO3POOUB aJITOPUTMHU PO3PAXYHKIB TEPMOIUHAMIKI
Ta MOJCIIOBAHHS KIHETUKH CHCTEM, SKi CKJIQJaloThcs 3 0ararboxX XIMIYHUX peakiiid. 3rogoMm
3alpONIOHOBAHI CIOCOOM PO3paxyHKIB CTald OCHOBOIO TIOCIOHMKA, BHUKIAJCHOTO YKPaiHCHKOIO,
POCINCHKOIO 1 aHmiiichbKor0 MoBaMu [ 125-127] (ctanom Ha sxoBTeHb 2024 p. Oyno nonazn 170 ckauyBaHb
aHTIICHKOT Bepcii mocioHmka). CTHUCIO cCIOCOOM po3paxyHKIB HaBelIeH! B HeaBHii poOori [ 128].

B 90-x pokax i gaJii mpoBOIMIIUCEH TOCIIIKEHHS OKHCHIOBAJIBHOTO crionmydeHHs: Metany (OCM),
3anovyarkoBaHi H.I. Impuenko [129-146]. Bynmu po3poOneHi neTanbHi KiHETHYHI CXEMH MpOIECy, fKi
BKJIIOUAIOTh KUJIbKA JECATKIB FETEPOreHHUX 1 TOMOTEHHUX €JIeMEHTapHUX CTaJlii, 1 HA OCHOBI TAKUX CXEM
MIPOBEIEHO MOJETIOBAHHS KIHETHKM Ta PO3IOJUTY OCHOBHUX MPOMYKTiB peakimii (C2+ BYITICBOIHIB Ta
okcuiB Bymiemto). [TokazaHo, 10 KIFOYOBHUM YMHHUKOM ITiJBUIICHHS CEJIEKTUBHOCTI 1 BUXOMY BUIIHX
BYIVICBO/IHIB € 3/IaTHICTh KaTalli3aTOPiB CeNEeKTUBHO akTuByBaru CH4 B HaNpsIMKy YTBOPEHHS B Ta3oBiil
¢da3i METWIBHUX paJUKaliB, a TAaKOX BIUIMBATH Ha MEpeOir JIAHIIOTOBOTO PO3TalTy’>KEHOTO IPOLECY
OKUCJICHHS BYTJICBOJIHIO B T'a30Biii (a3i. Pe3ynbraru boro MUKy poOiT y3araibHHEH1 B MOHOTpadii [ 124].

BuByanock Takox mapiiagbHe OKHCHEHHS MeTaHy y (opmanbaerin i metanon [147-150]. Bymu
po3poOiieHi KUIbKICHI KpUTepii OIIHKM MaKCUMaJbHOTO BHXOLy (OpMalbAerily — I04YaTKoBa
CEJEKTHBHICT So Ta KOHCTaHTA TOOKUCHEHHS b (Yyqy = S,b?/(1~P) B mporounomy peakropi). Baxnuso,
10 U BU3HAYEHHS IIUX TapaMeTpPiB TOCUTH IBOX OKPEMHUX JOCHIAIB (B JIESIKUX BHIMAJKaX OHOTO), 110
3HAYHO TIOJICTIIY€E aHami3 JITepaTypHUX JaHUX 3 METOI CITIBCTaBIEHHS PI3HUX KaTalli3aTopis.
3anpornoHoBaHa KiHeTUYHA MOJieTb okucHeHHS MeTaHy N2O Ta kucHeMm Ha V20s5/S102. J1j1s roMOT€HHOTO
okucHeHHsI MeTaHy N20 Ta KUCHEM 3 YTBOPEHHSAM METAaHONy Ta (popmainpaeriay po3podiieHa KiIHeTUYHa
MOJIeNb, IO CKIIAMaeThCsa 3 114 eneMeHTapHUX peakiliii; MoKa3aHo, IO I MOJETb 3aJI0BUIBHO
Y3TOIUKYETBCS 3 EKCTIEPUMEHTATHPHUMU TaHUMH.

[Mukn pobit Oyno mnpucBsyeHo riapyBanHio CO, BkiarouHO 3 cuHTEe30oM @Dimepa-Tpormia
[89, 151-160]. Y3aranpHeHO AaHI MPO KIHETUKY Ta MEXaHI3M TiIpYBaHHS MOHOOKCHUIY BYIVIEIIO 3
YTBOPEHHSIM aJIKaHIB, aJKEHIB Ta CHUPTIB HA HAHECEHHX NEpPEeXiJHUX MeTajlaX, HaBEeIECHO JeTajbHi
MEXaHICTUYHI CXEMU Ta BiJIMOBIIHI KiHETHYHI Mojeni. [IIBUaKICTh peakiiiii MeBHUM YHMHOM 3aJICKUTh BiJl
termtotu aacopoIii CO, a CeNeKTHBHICTh TAKOX BiJl €HEPrid 3B’S3Ky PEareHTIB 3 TIOBEPXHEI0 METamy.
Po3misiHyTO, SIK BIUIMBa€ Ha PO3MOJILT MPOAYKTIB B cuHTe3l Dimepa-Tpormiia BBeJEHHS B MeXaHI3M
mpolecy crajiii pekomOiHaliiHOT B3aeMonii agcopboBanux crnonyk. [lokazaHo, 110 y TakOMy BUIAAKY
Ma€ Miclle BIAXWIIEHHS Bija kiacuuyHoro posnonity ymera-®mnopi, ske sKkicHO 1moji0He HaBeIEHOMY B
JiTepatypi. 3amnpornoHOBAaHO METOJl KIHETMYHOTO MojentoBaHHS mpouecy Pimepa-Tpomima, skuil €
KOPUCHUM JIOIOMDKHUM 1HCTPYMEHTOM IS aHaTI3y €KCIIEPUMEHTANbHUX JaHuX. OaepKaHo MOJEIb JUis
KIHETUKM TIPSIMOTO TIEPETBOPEHHS CHHTE3-Tasy B JAUMETWIOBHH edip Ha OihyHKIIOHATEHOMY
Karaizaropi.

B ocraHHI poku s NPUAUISAB yBary JIOCHIDKEHHSIM B rajly3i MepeTBOPEHHS 010€TaHONly B LiHHI
nponaykTu [161-182]. 3HalimeHo HOBI KOHKYPEHTHO3/IaTHI KaTaai3aTopyu MapoBOro pru¢OPMIHTY €TaHOIY
(ITPE) y BonmeHb; 30kpema, Ha GepuTi MapraHilo AOCATAETbCS BUX1] BOAHIO 94 %. Po3misiHyTO 3B’SI30K
MDK XIMIYHAM CKJIaJ0M (DepuTiB Ta iX aKTHUBHICTIO 1 cenekTtuBHIcTIO B miporeci I[IPE. Jlnsa omepxanus
NPOMNUIEHY 3 €TaHOJy 3alpOINOHOBAHO JBOCTYIEHEBUH IIpoLleC, SKUH Ma€ CyTTEBO MOKPAIIUTH
CEJICKTUBHICTh 3a MPOIUICHOM. 3 BUKOPHUCTAHHSIM KOHIEMIi 00’ €qHaHOTO XiMiyHOTO piBHSHHS [183],
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3HaiieH1 GopMyInH, SKi OB’ A3YI0Th BUX1J] BOAHIO 3 BUXOAAMHU BYIIIEIbBMICHUX NMPOAYKTiB. Lli ¢popmynu
OynM 3acTOCOBaHi JJIsi BU3HAUEHHS KOPEKTHOCTI 3aJIeKIapOBAaHUX B JICAKUX JIITEPATYypPHUX JDKepenax
BEJIMYMH BUXOY BOJHIO.

Binomuii anrmivicbkuid karamituk I. bonpa 3a3maumB (Catal. Reviews, 50: 532-567, 2008), mio
«icHye 0Oe3miu crarel, B AKUX (i3UKO-XiMiuHa Oyl0oBa Karajai3aTopiB MOBIIOMIISETHCS Iy’Ke JOKIaIHO, B
TOW Yac sK iX Jis SK Karalli3aTopiB BUBYAETHCS JMIIe MOODKHO (1HOJI HEe BMBYECHO 30BciM). HaueOrTo
YacTUHA THXKHEBOI poOOTH 3 KaTalli3y MOYMHAETHCS MICIS MOMYAEHHOTO Yaro B 11’ ATHUIO». [Ipyn Hanucani
0030py [165] st mOBHICTIO TIEPEKOHABCS Y IPABIMBOCTI 3asBU boHza.

3a cBoe XHUTTA s OyB OINOHEHTOM O0araTbOX JOKTOPCHKHMX 1 KaHIWAATCHKUX JAUCEpTaLii,
PELIEH3eHTOM HayKOBHMX ITyOJNiKaliid, BHCTyHaB 3 JIEKIiIMH B pI3HUX ycTaHoBaX. HuHi s unen
creniaii3oBaHoi BUeHOI paau 13 3axucTy gucepramii Inctutyty  ismuHoi  Ximii  iMeHi
JL.B. IMucapxeBcbkoro HAH VYkpainm, BxoXy B CKIaa peakonerid sxypHaiuiB «Teopermuna Ta
SKCTIEpUMEHTaIbHA XiMish» 1 «Karami3 Ta HadToXiMis».

Mato Haroposu i BiJj3HAKH:

2000 p. — maypear mpewmii im. JI.B. ITucapxescekoro HAH VYkpainu 3a poborty «IIpobrema
CEJIEKTUBHOCTI B CKJIAJIHHUX 1 CyMIIIIEHUX reTePOreHHO-KaTaITHYHUX PEAKIIIIX);

2007 p. — Bim3naka HAH Ykpainu «3a HayKOBi TOCSTHEHHS;

2014 p. — nepxaBHa npeMist YKpaiHH B Tady3i HayKd 1 TeXHIKH 3a podoty «HoBi karamizaropu Ta
reTepOreHHO-KaTaJiTHYHI MPOLECH: PO3BUTOK HAyKOBUX OCHOB Ta BUKOPHUCTAHHS B XiMii, HadToXimii Ta
CHEePreTHIIIY;

2018 p. — opzueHn «3a 3aciyru I ctynens»;

2023 p. — Bigznaka HAH Ykpainu «3a npodeciiiti 3100y TKI».

24 motoro 2022 poky P® BipomoMHO Hamana Ha YKpaiHy, rmodyanach nmoBHoMaciTaOHa BilHa.
Bopor cnioniBaBcs 3axonutu KuiB 3a miueni 1Hi. Ane OMILKPHUT 3 TPICKOM MTPOBAJIMBCS, X04a B MEpIIi JTHI
pocisgHu nidnuM 10 okoiuib Kuesa. Bech ykpaiHChKUiT Hapos MOBCTaB MPOTH Ili€l opau, €AHICTH Oyna
Oe3nperneeHTHO0 1 YKpaiHa BUCTOsIIa, BOPOT OyB BIIKMHYTHUN Ha3all.

MuHyno Maibke TpH IyKe BaXKHX pPOKiB BifHM. 30poitHi Cunm YkpaiHu BiIOMBaIOTH aTaku
BOpOTa, JIIOAM B TUJIy JOMOMAararTh iM, YAM MOXYTh. YKpaiHa 3a3Ha€ BEJIMKHUX BTpAT, BTPAya€e CBOIX
HalKpalmx JirozeH, aje Bipa B IepeMory € HEMOXUTHOI0, YKpaiHa 000B’SI3K0BO MepeMoske 1 Oy/ie )KUTH y
BIJIbHOMY CBITI.
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My way in catalysis
Yury L. Pyatnitsky

L.V. Pisazhevskii Institute of Physical Chemistry of National Academy of Sciences of Ukraine
31 Nauky Aven., Kyiv, 03028, Ukraine, e-mail: yupyat@gmail.com

In this paper, I attempt to summarize my research in heterogeneous, heterogeneous-homogeneous, and
homogeneous catalysis and memories of events that have influenced my worldview. Among the reactions that have
been investigated are the following: ammonia synthesis and decomposition, hydrogen oxidation, selective oxidation
of aromatic hydrocarbons, oxidation of CO and CO-NO mixtures, CO hydrogenation including Fischer-Tropsch
synthesis, oxidative coupling of methane, conversion of ethanol to hydrogen and C,-C4 olefins. A rapid isotopic
exchange between gaseous ammonia and nitrogen adsorbed on an iron catalyst has been established. This is direct
evidence of nitrogen adsorption as a limiting stage of the ammonia synthesis reaction. It has been experimentally
substantiated that nitrogen adsorption is described by an isotherm known as the Temkin isotherm. Consistent
evidence has been obtained that the hydrogen oxidation reaction on the V205 and V,05-MoOj3 catalysts occurs under
certain conditions by a heterogeneous homogeneous mechanism. For the first time, a kinetic model was proposed
for this type of catalysis based on a detailed mechanism of heterogeneous oxidation of hydrogen on oxide catalysts.
The mechanism and kinetic model of selective oxidation of aromatic hydrocarbons on oxide catalysts are proposed.
They have been successfully applied to explain experimental data. A new type of catalyst for the oxidation of
o-xylene to phthalic anhydride has been found - activated carbons, which combine high selectivity with significant
overall activity. A non-trivial mechanism of the effect of sulfur dioxide on the kinetics of oxidation of CO on
platinum metals was proposed. An amazing fact was revealed: in the presence of a platinum or palladium catalyst,
due to the transition to a heterogeneous-homogeneous mode, the reaction proceeds at a high speed even at room
temperature. To explain the effect found, it was first suggested that the catalyst could not only initiate a chain
process, but also participate in the branching of chains. The proposed reaction scheme also made it possible to
explain the presence of two stationary process modes under the same external conditions. Various types of kinetic
oscillators have been proposed, including the simplest in heterogeneous catalysis oscillators. The foundations of the
method of competing reactions in heterogeneous catalysis are significantly developed. It has been shown
theoretically and experimentally that under certain conditions one of the reactions can accelerate the other. Another
non-trivial effect of the mutual influence of competing reactions was the strong inhibition of one reaction by another,
even when the surface coverage of adsorbed compounds is negligible. New competitive catalysts for steam
reforming of ethanol (PRE) into hydrogen have been found.

Unconsciously in my work, I tried to follow Albert Einstein’s advice: “We must make things as simple as
possible — but not simpler.”

Keywords: heterogeneous, heterogeneous-homogeneous, homogeneous catalysis, mechanism, kinetic
model, memories
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70-piuus B.I. KamkoBcbkoro
Csimniu nam ami /Jocnionuxa i Teopys

8 mucromana 2024 poxy mMaB O Bim3HauaTu CBi 70-TiTHIMA
IOBIJIEH KaHIUIAT XiMIYHUX HayK, CTapIINi HayKOBHUMU CHiBPOOITHHK,
3actynuuk jaupekropa IBOHX im. B.IL. Kyxaps HAH Vkpainn
Bonoaumup i KamrkoBebkuid. Ase 107151 po3nopsiiniach iHaKIIe —
21 rpynus 2021 poky micias TpuBajioi XBOpOOM BiH BiAIHIIOB Y
BIYHICTB.

Bonogumup Liniv Bigomuii HAyKOBiM CHITBHOTI SIK OJUH i3
JOCTITHUKIB XIMIYHUX TIPOLECIB Ha IICONITHUX KartamizaTopax i
TaJTaHOBUTUH PO3POOHMK HOBITHIX METOJIB 1 TEXHOJOTIH MiHiMi3alil
HIKiIJTMBOTO BIUIMBY Ha JIOBKULIS TEXHOTEHHHMX 3a0pyAHEHb Ta
Croco0iB  MepepoOKH MPOMHUCIOBUX 1 CUIBCHKO-TOCTIOAPCHKUX
BIZIXO/IiB y MMPAKTUYHO KOPUCHI MPOIAYKTH.

Hapoauscs Bononumup Lomiu 8 nucronaga 1954 poky B cemi
Hlepmi wva Binanuuwuni, 1972 poKy 3aKiHYMB CEpEAHIO INIKOIY.
[TouaTok #oro TpyaoBOi AisIBHOCTI OyB AyXKe NaleKuid BiJ HAyKd —
poOGiTauk Ilimancekoi paiicoxuBcniiky. Ta 3aBIsKM NpUTaMaHHIN

IOHAKOB1 »ano0i 3HaHb BiH y 1974 p. BcrymuB 10 KwuiBchkoro
JIep>KaBHOTO yHiBepcHUTETY, B 1979 p. 3akiHUMB XiMIYHUN (PaKyIbTET 3a CrELiaIbHICTIO «(Pi3UdHa XiMisd
noJiiMepiB 1 KOJI0iiBy 1 OyB HanpasieHuil Ha podoty B Cektop HadToximii [HPOB (IncturyTy (hizuxo-
opraniuHoi ximii Ta Byrieximii) AH YPCP.

Monoauii cnemianict mijg KepiBHULTBOM mpodecopa II.M. I'anuua posmnouaB JoOCHiKEHHS
XIMIYHHUX ITEPETBOPEHb OPraHiYHUX CIIONYK Ha LEOJITHUX KaTanizaropax. HakonuueHui 1ociiJHUKOM 3a
KUJTbKa POKIB €KCIIEpUMEHTAJIbHUI MaTtepian OyB y3aranbHEeHUH B KaHAMJATChKiM nucepramii «Lnsxu
1ABUILIEHHS TPUBAJIOCTI pOOOTH IIEOTITHUX KaTaIi3aToOPiB alIKUTyBaHHM» Ky Bonoaumup Ity 3axuctus
y 1990 p. Buene 3BaHHs cTapIIoro HayKOBOTO CHiBpoOiTHHKA oMy mpucBoeHo y 2000 p.

32003 p. Bonogumup Lt 04onuB BiAA11 OpraHigHOro Ta HaQTOXIMIYHOTO CUHTE3Y, IPOJIOBXKUB
1 po3mupuB 3anodatkoBaHi mpod. A.O. I'purop’e€BUM JOCTIIKEHHS peaKilii MeTaTe3ucy HEHACHUYCHUX
CMOJNYK Ta cOpPMYBaB y BIAAUI TpyIy MOJOIUX, TaJaHOBUTHX 1 aMOITHUX CHIBPOOITHHKIB, SIKUX 3
0aTbKIBCHKOIO TEIUIOTOIO HA3WBaB «MOT HapyOKu».

Morozi BueHi mif Ge3nocepeqHiM KEepiBHUITBOM Ieda 3 eHTy31a3MOM pO3M0oYaid BUBYCHHS,
PO3pOOKY METO/IB 1 TEXHOJIOT1H, KOHCTPYIOBAaHHS 1 BUTOTOBJICHHS €KCIIEPUMEHTAILHOTO 00J1aIHAaHHS IS
BUpILLICHHS HAaraJlbHUX €KOJOriyHuX npobiiem Kuesa 1 Bciei kpaiHu. 3a 1ocuTh KopoTkuit Tepmi (10-
15 pokiB) Oyno CTBOpPEHO, BUMPOOYBAHO 1 MIATOTOBJIEHO JO BIPOBA/PKEHHS HU3KY OPUTiHAIbHHUX,
e(pEeKTUBHUX PO3POOOK:

- Texuomoris yTuii3amii TOKCHUKAHTIB i3 (UIBTpATy MICBKOTO 3BajUINA TBEPAUX MOOYTOBHX
Biaxo/iB (mojiron Ne 5);

- Croci0 3MeHIIeHHs BOJOHACHUEHHs MYJIOBOI CycIieH3ii 1 KaceTHa yCTaHOBKa (DiIbTpyBaHHS
ctokiB (bopTHuIbKA CTaHIIisI aeparlii);

- Hosi BucokoepeKkTHBHI KOaryasHTH-()JIOKYJISHTH IJI OYMIICHHS MUTHOI BOAM (YCHIIIHO

BUIpoOyBaHi Ha JleCHSIHCHKIH 1 JIHIMPOBCHKi BOMIOTPOBITHUX CTAHITINX);
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- bionoriyHe oyMIeHHs CTIYHUX BOJI 3 BUKOPUCTAHHIM NCUXPO(PUITHUX IPOTOYHUX PEAKTOPIB
(m. KaniB);

- Crooci0 1 ekcrnepuMeHTaJdbHAa TEXHOJIOTiA TNepepoOKH 30JbHUX 3aJUIIKIB TEIUIOBHX
€JIEKTPOCTAHLIN, L0 J03BOJIIE OACPKYBaTH MIOKCHI KPEMHII0 BHCOKOI YHCTOTH JJISI «COHSYHOI»
enepretruku (M. [laBnorpan);

- Crooci0 mepepoOKH PpPOCITMHHHMX BiJIXOAIB METOAOM BHOYXOBOTO TiApOJi3y 3 METOIO
OJICp KaHHS JIIKBITHUX MPOAYKTIB (Ppypdypoiy, OeTyiiHy, KOPMOBHX JOOABOK Ta iH.).

KpiMm TBOpuoi 1 HayKOBO-OpraHi3amiifHOI MiSUTBHOCTI, SIKa 3aiiMaja dYilbHE MICIE B KHUTTI
Bonoaumupa Ltiva, BiH yBa)KHO CIiJIKyBaB 3a MOISIMH B CBITi, JIIOOHB JIiTEpaTypy, MaB TOHKE MOYYTTS
rymopy. Momy Gymu mpuTamMaHHI BHCOKA BiNIOBiIaIbHICTH, BUMOIIHBICTH 10 ceGe i CBOIX KOIeT,
JIOOPO3UYITUBICTh, TOTOBHICTh JOMTOMOITH CJIOBOM 1 J1JIOM

CeiTna mam’ate npo Bomonumupa Imutiva — BueHOro, oprasi3atopa, HacTaBHHMKA, HalldHY 1
BHCOKOIOPSAHY JIIOJMHY Ha3aBXKIH 30€pekKeThCsl B CEPIIIX PiTHUX, IPY3iB, YUHIB 1 KOJIET.

Catalysis and Petrochemistry, 2024, 35



Kamaniz ma nagpmoximisn, 2024, Ne35 137
3micT

OxucroBalIbHE JACT1PYyBaHHs MpomnanHy 3a yyactio M’sikux okucHuKIB (N20 ta CO2) Ha

METAJOKCUTHUX I[EOJIITHUX KaTallizaTopax

Banepiu 1. Yeopux, Temana M. botiuyk, Muxaivino M. Kypmau, Ilasno C. Apemos,

Anopiu FO. Kanpan, Ceimnana M. Opnux 1
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