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P03BHTOK OKHMC/JIIOBAJILHOIO IeTEPOreHHOro KaraJjisy B IHcTuTyTi copOuii Ta
npoodJieM engoexoJiorii HamionaabHol akagemii Hayk YKpainu *

Baunepiii O. 3axurajion

Tnemumym copbyii ma npobnem enooexonoeii Hayionanonoi akademii Hayk Yrpainu
eyn. 'enepana Haymosa, 13, Kuis, 03164, Vkpaina, e-mail: zazhigal@ispe.kev.ua

B naniii poOoTi y3aranbHeHi pe3yslbTaTd JOCTIHKEHb TeTePOreHHO-KaTaNiTHYHUX MPOLECIB OKUCHEHHS
PI3HHX PEYOBHH K B MPOJAYKTHBHOMY, TaK i €KOJOTIYHOMY KaTtami3i, oaepkaHi B [HcTuTyTi 3a 30-piunuii nepion,
PO3TIITHYTI IUTAHHS CHHTE3Y €(PEKTUBHHUX KAaTali3aTOPiB IS ITUX PEaKIliii Ta PO3BUTKY HETPAMUIIIMHUX ITiTXOIIB
JI0 TEXHOJIOTIT KaTai3aropiB. HaBeneHo pe3ynbTaTH, IO JOCATHYTI MPHU JIOCTIIPKEHHI MPOIECIB MmaplialbHOIo
OKHCHEHHSI HACHYCHUX BYIVIEBOJIHIB: MeTaHy, eTaHy, NpomaHy, OyTaHy Ta MEHTaHy B LiHHI NPOAYKTH
OpPTaHIYHOTO CHHTE3Y: (OpMajbIETil, CTHJICH, MPOIJICH, MaJIciHOBHM Ta (TaJeBHi aHTiApuAA. Po3risHyTO
MeXaHI3MH TEpPeTBOPEHHsI Napa(iHOBUX BYTJICBOJIHIB B MIJIbOBI MPOXYKTH. [IpogeMOHCTpOBAaHO MiIXOAM OO
CHHTe3y e(EeKTHBHHUX KaTali3aTOpiB LUX MPOLECiB, SfKi B OiNBLIOCTI BUMaAKiB 0a3ylOTbcs Ha BUKOPUCTaHHI
ANbTEPHATUBHUX METOJIB NPUTOTYBaHHS (MEXaHOXiMis, COHOXiMis, OapoTepManbHHI CHHTE3, 10HHA
iMadTaris). [IpoBeneHo CHiBCTaBIEHHS ONIEP)KAaHMX pE3yJbTaTiB HA HOBHUX CHHTE30BAaHMX KaTali3aTopax 3
BIJOMUMH JIiTepaTypHHUMHU aHajoramu. llokazaHo, mo B OiNBIIOCTI BHUMAAKIB CHHTE30BaHi B I[HCTUTYTI
KaTaJli3aTOpH IEPEeBULIYIOTh II0 CBOIM IIOKa3sHMKAaM LI AHAJOTH. 3alpolOHOBAaHI HOBI CXEMH OJEpKaHHS
MaJICiHOBOTO aHTIAPUAY 3 H-OyTaHy TIpH MiABUINCHINH KOHIIEHTpAIii BYIJICBOTHIO B PEaKIidHIA CyMimi, Ta
(TaneBoro aHriIpUIy NpU OKUCHEHHI H-TICHTaHY.

JocnigkeHo mporec OKUCHEHHS! €TaHOJIy B OLTOBHH ajbJeria Ta po3pobiieHi eeKTUBHI KaTamizaTopu
IIEOTO TIPOIIECY, SIKi TT0 CBOIM IMOKa3HUKAM MTEPEBUIIYIOTH BiJOMi aHAJIOTH.

Po3ristHyTO cMHTE3 KaTai3aTopiB AJIsl MPOIIECiB €KOJIOriYHOro HamnpsMKy: okucHenHs H,S, CO ta CO B
HaJJIMIIKY BOAHIO Ta IIOKa3aHO, IO PO3pPOOJIEHI KaTaji3aTopd HE MOCTYMAalOThCS BiIOMHUM 3aKOPAOHHHUM
aHamoraMm. Po3risiHyTO pe3ynbTaTH, HOCSATHYTI MIPHU CHHTE31 KaTami3aTopiB JUid (OTOKATANITUYHHAX IMPOIECIB, B
TOMY YHCII HEHTpamizamii MeIWYHUX TIpernapariB Ta repOimumiB y BogHOMY cepemoButii. IlokazaHo
MEPCIIEKTUBHICTh HETPAIUIIIHHUX MiIXOIB 10 CUHTE3Y IMX KaTATITUUHUX KOMIo3ulid. [Toka3aHi mepcrneKTUBHI
HaNpsIMKH JOCTIIKECHb OKHCIIOBAJIBHUX KAaTAJITHYHHUX MPOLECIB Ta 3aCTOCYBAaHHS aJbTEPHATUBHUX METOIIB IO
CUHTE3Y KaTaji3aTopiB s iX peanizaltii.

Knwuosi cnosa: OKUCTIOBAIGHUA TeTEpPOTeHHUWH Kartami3, (OTOoKaraii3, KaramizaTopH, HapadiHoBi
BYTJICBOIHI, €TAHOI

Bcmyn

3 camMoro noyatky iCHyBaHHS IHCTHTYTY copOLii Ta mpobieM eHI0eKoJIorii Horo 3aCHOBHUK Ta
aupekTop akazaeMik B.B. Ctpenko 1o0pe ycBigomitoBas, 110 TBEPi Tijla, COPOCHTH, SIK BYTJELEB], TaK 1
OKCH/JIHI, fIKi CHHTE3yBaJIi B [HCTUTYTI MOXXYTh BUCTYIIATH B SIKOCTI KaTaii3aTOpiB Pi3HUX T€TEPOreHHHUX
peaxuiif, MEMOHCTPYIOUM TpU [bOMY HeaOHsKi moka3Huku (Hampukman, [1-3]). B Toit xe wac,
BIJICYTHICTb B HOBOCTBOpPEHOMY [HCTUTYTI oOjajHaHHS [JIsl IPOBEICHHS KAaTaJiTUYHUX MPOIECIB Ta
JOCBITYEHUX JOCTIAHUKIB B LIl 00JACTi B SKUNUCH MIpl CTPUMYBAJIO PO3BUTOK LIUX JOCHIKEHb, TOMY
(GakTUYHO  KaTaNiTUYHI JOCHI[DKEHHS OyidM CKOHIIGHTPOBAaHI HAa TMPOCTUX  PEAKIfX, SsKi
BUKOPHUCTOBYBAJIH SIK TECTOBI, JJISI XapaKTEPUCTUKU (i3MKO-XIMIYHHUX BIACTUBOCTEU TBEPAUX TiM, SIKi
CHUHTE3yBaJIU B pi3HMX Biaauiax [Hctutyty. OfHi€l0 3 TaKuX peakiiil O0yB po3kiaa MEepOKCUAY BOJHIO,
aky ycmimHo 3actocoByBana C.C. CraBunbka [Hampukian, 3,4]. Y BigHOIIEHHS A0 MPOILECIB

* Jlo 30-pivust InctuTyTy copOuii Ta mpoGnem enmoexosorii HAH VYkpainu Ta mam’sTi 3acHOBHHMKa [HCTHTYTY Ta iforo
nieproro aupekropa akanemika HAH Ykpainu B.B. Crpenka
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KaTaJIITUYHOTO OKMCHEHHS MIOHEPCHKOI0 POOOTOI0 OYJIO TOCHIIKEHHS PEaKIlii OKUCHEHHS CIPKOBOIHIO
Ha BYTJENEBUX Karajizaropax, sKy ycmimHo BukoHanu C.B. Muxanoscekuii ta HO.I1. 3aiiueB [5]
(meranbHO ofiepkaHi Ta ONMyOIIKOBaHI HUMH PE3YJIbTaTH OYAYTh PO3IIISIHYTI HIKYE).

B 1999 pomi no IHctutyTy nepeiinuia Ykpaiaceko-Ilonbebka mabopaTopist Mo KaTaizy Ha 4ot 3
npodecopom B.O. 3axkuramoBum 1 Ha 0asi 1€l naboparopli Ta BIAALTY, SKUM 10 LIOIO KEpyBaB
C.B. Muxanoscbkuii (skuii B 1998 poui mnepeixaB mpaifoBaTd 3a KOpPJOH), OyJ0O CTBOPEHO BIIALI
OKHCJIIOBJIbHUX I€TEPOre€HHO-KaTAIITUYHUX ITPOLIECIB.

OCHOBHUM HAaNpsIMKOM [iSUTBHOCTI JlabopaTtopii OyJo JOCHIPKEHHS TPOIECIB CEIEKTHBHOTO
OKHMCHEHHSI BYTJIEBOJHIB, B TIEpIIy uepry mnapadiHOBUX BYTIJIEBOAHIB, Ta CTBOPEHHS E(QEKTHBHHUX
KaTajai3aTopiB JUIsl LIMX peakliii, 10 1 cTano 6a30BUM AJI PO3BUTKY POOIT BIIALTY.

Hemo niznime (B 2000 port), 3a iHiniatuBoo akageMika B.B. Ctpenka, 1o IHcTuTyTy nepeinios
npamoBat  wieH-kopecnonaeHT HAH VYkpainu B.M. Bnacenko Ta Oyno cTBOpeHO, mia HOro
KEpIBHULTBOM, JIabopaTopito, sfKa MPOBOJWIA JOCHIKEHHS MPOLECIB OKUCIIOBAIBHOIO KaTajily B
€KOJIOTIYHOMY HampsMKy. HaiOinplmn BaroMuM 1 3HA4ylIMM pe3yJbTaTOM LHUX POKIB poOOTH
B.M. Bnacenko B ICIIE HAH VYkpainu (2000-2012 pp.) crana my6mikarmis monorpadii «Exonmorianuit
karaniz» [6]. B Hill npencraBieHo (i3MKO-XIMIYHI OCHOBU €KOJIOTIYHOTO KaTanli3y Ta IMpeICcTaBICHO
JesIKI KOHKPETHI TEXHOJIOTli TEeXHIYHOro kKaTtamidy. MoHorpadis IIMPOKO BUKOPUCTOBYETHCS B
HAaBYAJIbHUX KypcaX BHUIIMX y4OOBHMX 3akiafax YKpaiHM Ta IpU MIATOTOBLI acmipaHTiB B [HCTHTyTax
HAH VYkpainu.

Ilpouecu ekonoziuno2o0 OKUCI08aTIbLHO20 KAMAi3y 6 2a306iil (hazi

a) Kamanizamopu na ocnogi gyeneyeeux mamepianie

ABTopu pobotu [5], mpo siky OyJio 3ragaHo BHILE, NMPOBEIM JOCITIHKEHHS 3HAYHOI KUIBKOCTI
ByrneneBux marepiamiB (BM), takux sk KAY, CKH, CKT, AI'-5, anTpanut, B mporecax aacopoii
CIPKOBOJIHIO Ta HOT0 OKMCHEHHSI B PI3HHUX 3a CKJIAJOM peakIiifHUX cyMimax. byno BCTaHOBIIEHO, IO 3a
temnepatypu 25 °C HaitbiIbIIa KiIBKICTh CipkoBOAHIO (8.6 %, Bar. H2S/Bar. BM) copOyeTtbes Byrienem
KAY (1o mpockoky), mpu 1boMy, SIK IMOKa3aJlu JOCTIKeHHs 3pa3ky MetogoM POEC, dikcyeTbes muie
OJVH CUTHAJ BiJl €JIEMEHTApHOI CipKH, TOM uac sk, Hampukiaaa, Ha Byriemi CKH anpcopOuis HaS
CYIIPOBOJIKYETHCS YTBOPEHHSM HE TIJIBKU CIPKH, aje i OKMCHEHHSM CipKOBOJHIO 3 ()OPMYBaHHIM Ha
MOBEPXHI CipKH, 3B’s13aHO1 3 KucHeM (+4 Ta +6). [IpoBenenHs peakiiii okucHeHHs cipkoBoaHO (1 006. %
B noBiTpi) npu 200 °C 103BONMIO BCTAHOBUTH, 110 Xoua B mpucytHocTi CKH KiIbKicTh YTBOPIOBaHO1
cipku 3poctae 10 95 %, omHaK ceneKTUBHICTH M0 cipili ckiaagae 89 % (11 % ckmagarots SOx). B Toit ke
yac, Ha Byrieni KAY OKHMCHEHHs NpOTIKae MPAaKTUYHO O YTBOPEHHs JIMIIE EJIEMEHTApHOi CIpKH
(cenextuBHICTh 99.2 %), X0Uya MpH IBOMY KUIBKICTh IEPETBOPEHOTO CIPKOBOJHIO Oyia JEHio MEHIIa
(75 %). PizHuiro Mixk IMMHU BYTJICIIEBUMH KaTalizaTopaMu MiATBepkytoTh 1 1aHi POEC: Tak Ha KAY,
TiCJIs1 POBEIEHHS KaTAIiTHIHOT peaKilii, GiKcyeThes JIMIe OMH CUrHal, Skuil Bianosigae SO,

B 3B’A3Ky 3 BHCOKOIO CEJICKTUBHICTIO OKHCHEHHS CipkoBOAHIO Ha Byrieui KAY no cipku, B
po6ori [5] Oysio mpoBeAeHO NOCTiKEHHS BIUTUBY KaTalizaTopiB Ha ocHOBI KAY 3 HaneceHnMu Ha Horo
noBepxHio ioHamu MetamB (V, Fe, Mo, Mn) Ha meii mnpomec. BcraHoBineHo, 0 HAWOLIBII
NEPCIEKTUBHUM KaTalli3aTOpPOM, € 3pa30K 3 HAHECEHUM BaHAIIEM, NMPH LbOMY OYyJIO TOKa3aHo, II0
HAHECEHHs BAaHAJII0 BIIOMUM MOKpUM MeTogoM 3 BukopucTaHHsM NH4VOs Beae mo dopmyBaHHS
KaTayii3aTopy, OKHCHEHHsS CIPKOBOJHIO Ha SKOMY MpOTIKa€ 31 3HAYHUM YTBOPEHHSM OKCHUIIB CIPKH
(cenexTuBHICTh 52.4 %), IpU LILOMY KUJIBKICTh MEPETBOPIOBAHOTO H2S Takok 3HMKYETHCS Y OPIBHAHHI
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3 BHUXIIHUM HocieMm. [Hmi pesynpTaté Oynm  oAepKaHI Ha 3pa3Ky, CHHTE30BAHOMY IUISXOM
MIPUILEIUICHHS BaHAJII0 Ha MOBEPXHIO HOCIS B HEOPraHIYHOMY PO3YMHHUKY IpH BUKopucTaHHi VOCIs.
Ile#t karanmizatop Beae OKMCHEHHS CipKOBOAHIO 31 100 % CENEeKTUBHICTIO [0 YTBOPEHHSIM €J1€MEHTapHOI
cipku. Takum yuHOM, B po0OoOTi [5] Oysio oxepkaHO ayke IIIKaBi JaHl, Kl OyJIO MOKJIAAEeHO B OCHOBY
MOJaJIbIINX MOTJIMOJIIEHUX JTOCIIHKEHb LIbOTO MpoIiecy B mpucyTHocTi BM.

Tak, JI.B. bpaxxaukom Oysi0 TpOBENEHO MOCHIKEHHS OKucHeHoro Byruuia KAY B peakmii
OKHCHEHHSI CIPKOBOJIHIO [7] Ta moka3aHo, 110 okucHeHHs BM Bezie 10 miBUINEHHS HOTO aKTUBHOCTI B
IBOMY TIPOIIECi, ajie e OUTBII TMO3UTHUBHO BIUIMBAE MOJAJBIIA TeMIlepaTypHa oOpobka BM B aproni
(tabm. 1). ITicns mporpiBy 3paszka npu 1000 °C KiTbKICTh MEPETBOPEHOTO CIPKOBOJHIO NP KIMHATHIN
TeMIeparypi 30UIblIyeTbCs B 4 pa3u, a MABHUILEHHS TeMnepatypu peakuii okucHeHHs H2S no 180 °C
no3Bossie okuciuti 1.9 r HaS/r karamizaropa, To0TO 3a0e3medye MoBHE TMEPETBOPEHHS CIPKOBOIHIO B
cipky npoTsroMm 19 rogun ioro ekcrryarauii (npu BXigHid koHuentpauii H2S — 1 06. % B nositpi). L1
pe3yabTaTH TMEpPEBUIIyBaIU BiJOMI 3 JiTepaTypu [5, 8, 9] maHi Mo OKHMCHEHHIO CIpKOBOAHIO Ha BM.
Briepme Oyino mpoBeAeHO JeTalibHe TOCIIKEHHS HAsSBHOCTI Ha moBepxHi BM ¢yHKIiOHaTBHUX TPYII,
SKI MICTSITh KHCEHB, 3 BUKOPHCTAHHS TPAIUIIIITHOTO METOy TUTPYBAaHHS MO MeToay broma Ta meTtomy
P®EC. Ocranniii MeToa J03BOJIMB BCTAHOBUTH, HASBHICTh HA MOBEPXHI BYTJICLIEBUX KaTali3aTopiB,
okpim Tpaguuiitnux C-OH, C=0, C-O-C rpynn, aacopO0BaHOT0 HEraTHBHOIO 3aps/KEHOr0 KHUCHIO
(O3.1 3 eHepriero 3B’3Ky elleKTpoHiB Omu3bko 537 eB). CmiBcTaBieHHS aKTHBHOCTI 3pa3kie BM 3
BIJIHOCHOIO KUIBKICTIO IIbOT'O KMCHIO Ha NOBEpXHI (puc. 1) mokasaio, 110 BiH nIpuiiMae akTUBHY y4acTh Y
MPOIIEC] CEJIEKTUBHOTO OKMCHEHHS CIPKOBOAHIO, ajie, HE3Ba)KAalOUM Ha 3aTHICTh HOTO BITHOBJICHHS Ha
noBepxHi BM mpu miZBHIEHUX TeMIlepaTypax, yTBOPEHHs IIapy CIpKH Ha MOBEpXHi (puc. 2) Bexe A0
ne3akTuBanii BM, sk kaTamizaTopiB OKUCHEHHS CIPKOBOJIHIO.

BpaxoBytoun pe3yabTatu poOoTH [5], siKi MOKa3aau MO3UTUBHUI BIUIMB HAaHECEHHS BaHAJIIO Ha
noBepxHio BM npu okxuchHenni HaS, Oyno 3aiiicHeHO cuHTe3 3pa3Ky Ha OkucHeHoMy Byrimi KAY
JIBOMa METOJaMH: TpocodeHHs BoaHuMM pozunHoM NH4VOs ta OV(acac): B amneToHITpwiIi NpU
OJIHAKOBil KijbkocTi BaHafiro (2-10~* aromaV/r Hocis). ITokasano [10], mo npu TeMrepaTypax peakiii
OKUCHEHHsI CipkoBOAHIO 0 100 °C akTHBHICTH 3pa3KiB 3 HAaHECEHUM BaHA/II€EM HE3HAYHO BHIIE, HIXK
BuxinHoro BM, onnak, mpu temmneparypax 150 Ta 180 °C wui xaTamizaTopu J03BOJISAIOTH HEpEpOOUTH
Oimpiry kinmbkicTh HoS. Ilpu mpomy, 3pasok onepxanuii 3 BukopuctanHaMm OV(acac): micna 40 rog
pOOOTH TMPOAOBXKYE OKHUCIIOBATH CIPKOBOJCHb ©€3 BTPAaTH aKTUBHOCTI 3 YTBOPCHHSAM JIUILE
eleMeHTapHol cipku (okucHeHHs Ourbin HiX 5000 mr H2S/r karamizatopa), B TOH dac, sIK 3pa3ok
onepxanuii 3 3actocyBanHsIM NH4VO3 uepe3 30 roa ekcrutyaTailii mounHae BTpayaTl CBOIO aKTUBHICTD
(nasBHicTh H2S Ha Buxozi 3 peakropa). Metogqom ACM 6yro BctaHoBieHo [10], 110 Tpu4nHOIO BTpaTH
aKTHUBHOCTI IIOTO 3pa3ka € YTBOPEHHS IIapy CIpKM Ha HOro MOBEpXHi, B TOM Hac, K Ha 3pa3Ky
cuHTe30BaHoMy 3 OV(acac)2 yacThHa aKTMBHOTO OKCHAY BaHAJiI0 3aJMINAE€THCS BUIBHOIO Bija cipku. B
pe3yabTati poboTu OyJio oiep)KaHO MEPCIEKTUBHUIN KaTaji3aTop HelTpasizaiii BUKUAIB CIPKOBOJIHIO B
MOBITP1 HOTO MPSIMUM OKHCHEHHSIM 0€3 BUKOPUCTaHHs ABOCTaiitHOr0 Kiayc-mporecy.

[HmMM HampsiMKOM poOiT Biamginy Oyino nociikeHHs mpouecy okucHeHHs CO B moBiTpi,
BKJIIOYAIOUM TPOLIECH MOTO OKMCHEHHS B HAUIMIIKY BOJAHIO (OYMIIEHHS BOAHIO Bij nomimok CO) B
MPUCYTHOCTI KaTaji3aTopiB, sIKI MICTHJIM OKCHIM MeETalliB Ta MeTanu Ha noBepxHi BM. B pobortax
[11, 12] 6yno nocnimkeHo 3pa3ku 3 HaHeceHumu Pd, Au ta Pd-Au na nosepxnio ByrieniB CKH ta KAB
Ta MOKa3aHo, o HaHeceHHs Iux MertaniB Ha CKH no3Boisie omepikatu OiIbIl aKTHBHI KaTali3aTOpH.
[Tpu 11bOMy BCTaHOBJIEHO, 10 Temreparypa noBHoro neperBopeHHs CO (1 06. % CO) Ha HaiOLIbII
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aktuBHOMy Katamizatopi Pd/CKH nmocsraerbess mpu 150 °C. Karamizatop BHSBHBCS IOCTaTHBO
aKTUBHHUM Ta MEPCIEKTUBHUM JUIs 10 okucHeHHs CO B MOBITpi, OHAK, TPH ILil K€ TeMIeparypi, mpu

HAsBHOCTI HAJUIMIIKY BOJHIO, CTyNeHb meperBopeHHs Hz mocsrae 30 %, 1mo yHEMOXXIIHMBIIOE HOTO

3aCTOCYBaHHS JyIs ouniieHHs BoaHIO Big CO.

Ta6auus 1. OxuCHEHHS CipKOBOJIHIO Ha MoudikoBaHoMYy Byrimii KAY
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Puc. 1. 3anexHicTh KiJIbKOCTI IEPETBOPEHOTO CIPKOBOJIHIO Bijl BIIHOCHOI KUIBKOCTI XeMOCOPOOBaHOIO
HETaTUBHOTO 3aps/DKEHOT0 KHCHIO Ha TmoBepxHi BM, mporpiTux mnpu pi3HUX TeMmmepaTypax.

Temneparypa peaxuii 150 °C (HmwxHs npsma) ta 180 °C (BepxHs npsiMa)
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Puc. 2. Burmsan nosepxai BM 3a manumu ACM micns npoBeneHHs KaTaliTHYHOI peakiii OKMCHEHHS
cipkoBoaHto mipu 180 °C
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JlocmipkeHHsT OKCHJIHUX CHCTEM, HaHeceHHMX Ha Bymienb KAB, mokasamo [13], mo cepexn
nociimpkenux okcuaiB (Co, Mn, V, Fe, Mo) Ha#0OinpIl aKTUBHHM € OKCHJ KOOanbTy, SKUH HE
nocrynaerbest PA/CKH, 1 mpu temmeparypi 150 °C Ha HhOMY gocsraetbes Ta cama 100 % xoHBepceis
CO. IIpu boMy OyI10 BCTAaHOBJIICHO, III0 HAHECEHHS 3 HEBOAHOTO po3unHy Co(acac): MeHII e(eKTUBHE
(remnepatypa gocsraeHHs 100 % xonBepcii Ha 100 °C Buma), Hi’K BUKOPUCTaHHS BOJHOTO PO3YHHY
Co(NOs3)2. Ile Oyno mosicHEHO TWUM, IO MPH HAHECEHI 3 BOJHOTO PO3YMHY BiJIOYyBA€ThCS OUTBII
piBHOMIpHE TOKPUTTS MoBepXxHi BM akTHBHHM eneMeHTOM (HOro OKCHIOM), B TOH 4ac SIK CHHTE3 3
Co(acac)2 Bee 10 yTBOPEHHSI OKPEMHUX 3HAYHHX 32 PO3MipaMu KiacTepiB OKcuay KobansTy (puc. 3). Ha
Kallb, 1 ISl HUX KaTaizaTtopiB OyJi0 BCTAaHOBJIECHO, IO MPH HAsBHOCTI HAJTUINKY BOJHIO B PEaKLiHHII
cymimn temnepatypa nocsarHenHs 100 % konsepcii CO 3cyBaetbest 10 210 °C 1 mpu npomy mnepebdirae
KOHKYpPEHTHE OKHCHEHHs Ha.

Puc. 3. Mopdomnoris nmoBepxHi 3pazkiB Co/KAB ozxepxaHUX MpH HaHECEHi 3 BOJHOTO PO3YUHY COJI
kobOasnbTa (a) Ta HeBogHOTO po3unHy Co(acac): (6)

0) Kamanizamopu na 6a3i OKCUOHUX HOCII8

['muboke OKMCHEHHS pi3HMX 3a KiacoM croiiyk (meranon, CO, MeTaH) Ha KaTaiizaTopax, sKi
MICTHJIH OKCHJY Pi3HUX METaJiB, HAHCCCHI HA MOBEPXHIO JIEAKUX MPHUPOJHUX IICONITIB, TOKA3AIH, IO
HaiiOip edexkTuBHUME € 3pa3ku 3 okcuaamu Co ta Cu Ha iX TOBEpXHi, MPH IOMY Yy BHUIAIKY
opraniuaux cronyk nocsaraerbesi 100 % cenextuBHicTs Mo CO2 Tpu MOBHOMY TEPETBOPEHHI BUX1THOTO
pearenty [14-16]. [Tokazano, o JaHi KaTaxi3aTOPH IO CBOIX MOKAa3HUKAX Kpallli HiX 3pa3Ku, Ha 1HIITNX
okcuIHHUX Hocisx [17, 18], a B OKMCHEHI MeTaHy Kpamii HiX Ti, siki mictate Pd (5 % mac) Ha pisHHX
OKCHIHHX HOcisX [19], 1 nuine He3HAYHO MOCTYMAIOThCS 3pa3Ky Karajizatopa Pd/cuHTeTHUHMI 1EomiT
HZSM-5 [20].

B mopanemomMy Oyiu MpOBEACHI MOCHIIHKCHHS 3 BUKOPHCTAHHSM IHIIOTO OKCHIIHOTO HOCIS
(Ce02) Ta mokazano, mo HaWOUTEI mepcnekTuBHUM B okucHeHHI CO € 3pa3zok CuO/CeO: [21]. Ha
[IOMY KaTayi3aTtopi MmoBHa cTyneHb meperBopeHHsi CO nocsramacs mpu temnepartypax 110-130 °C.
Monudikaris JaHOTO 3pa3ka, MUISIXOM HOro MEeXaHOXIMIYHOI 0OpOOKH, T03BOJIMIIA JOCSTTH CYTTEBOTO
3HWKEHHs TeMrepaTypu noBHoro neperBoperns CO mo 80 °C [22], npu mpoMy KaTajizaTop cTabiIbHO
mpamoBaB mpotsaroM Outem Hixk 100 rox Ta, Ha BiAMIHY BiJl HHU3BKOTEMIIEPATypHOTO KaTallizaTopa
okrcHeHHS CO, sSKMH MICTUTh HAHOAWCIEPCHE 30J0TO Ha PI3HUX OKCHIHHX Hocisx [23-25], ioro

MOKAa3HUKN HE 3HIKYBAJIUCS B NMPHUCYTHOCTI Bosoru, abo CO:2 B peakmiiniid cymimi. bimemr Toro,
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BUSIBUIIOCS, IO KaTanizaTop eheKTuBHO mpamtoe B okucHeHHI CO npy NpHUCYTHOCTI HA/JTUIIKY BOJHIO B
peakmiifHii cymimi [22], Temneparypa noBHoro neperBopeHHs CO HezHayHo 3MiHIOETHCS (82 °C), B TOU
yac, K TeMIlepaTypa TMOYaTKy OKHUCHEHHsI BOJHIO cTaHOBUTH 95 °C (puc. 4). Takum 4YMHOM, NaHUN
Karajmizatop Moxe OyTH e(EeKTHMBHO 3aCTOCOBAaHWU JUIsi OYHWIICHHS BOIHIO Bin pomimok CO, 3

BUKOPHUCTAaHHIM H2 B manuBHUX KOMipKax.
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Puc. 4. TepmonporpamoBana peaxuis (cymim 1 06. % CO, 50 06. % Hz, 10 06. % Oz, inme Ar) 3 mac-
CIEKTPOMETPUYHHUM aHai30M mpoaykTiB Ha Cu-Ce-O karaiizaTopi Mmiciis MEXaHOXIMIYHOT 00poOKu: 1 -
CO,2-C0O2,3-H2,4-H20,5-02

B) Kamanizamopu na MemaniyHux HocCisx

3 nerkoi pyku B.M. Brnacenka Bifiiyl pOBOAUB TOCITIKEHHS TI0 CHHTE3Y HAHECEHUX OKCHUIHUX
KaTaJli3aTOpiB Ha METAJIIYHMX HOCISX Ta iX BHUKOPHUCTAHHIO B pi3HMX mporecax. Lli karamizaTtopu
MPUBEPTAIOTh yBary HE TITBKH CBOEIO CTIHKICTIO 10 TEMIIEpAaTypH 1 MEXaHIYHHMX Jii, ajie # BHUCOKOIO
TETUIONPOBIIHICTIO (3HATTS MEpPErpiBiB) Ta MOXIIMBICTIO JOCHTH JIETKOI 3MiHU ¢dopmu (ciT4acti abo
¢honbroBi), B 3aleKHOCTI Big GoOpMH peakTopa, TOMI SIK, I KepaMmidHOTro Hocis, Horo Qopma
3a37aJeTiIb BU3HAYAEThCS MiciieM BuKopucTaHHs. llle omHiero 0cOOMMBICTIO, MPU BUKOPUCTAHHI
MeTaJIeBUX HOCIIB, Ha sIKy 3BepTaB yBary B.M. BmaceHko, € MOXIHMBICTH O€3MOCEPEIHBOTO HATrpPiBY
KatayizaTopa (HalpuKIal, CJICKTPUUYHUM CTPYMOM), 3aMICTh HarpiBy pPEakilifHOTO MOTOKY, B SKOMY,
OCHOBHY Macy CKJIaJja€ MOBITpS, a HE peareHT, TOOTO BUHHUKA€E IMEPCHEKTHBA MPOBEICHHS peakiii B
eHepro30epeKyBATBHOMY PEKHUMI.

B sxocti Meromy CHHTE3y KaTami3aTOpiB Ha METAJIYHUX HOCIAX Oylo 3acTOCOBaHO
HU3BKOTEMIIEpATYpHY 10HHY IMILIAHTAIll0, KOJIM HOHHM METaliB HE TUIBKH IOKPHUBAIOTH ITOBEPXHIO
HOCIsI, aJle i YaCTKOBO IHTEPKAIIOIOTHCA B MPUIIOBEPXHEBUH mIap HOCIA (GOPMYIOUHM MPOMDKHHMA IIap,
o (akTuyHO 3a0e3medye iX BHUCOKY MEXaHIYHY CTIHKICTh (BIICYTHICTH BiJIIIapyBaHHS aKTUBHHX
KOMITOHEHTIB BiJ] TIOBEpXHI HOCis TIpH 3MiHI Gopmu) [26, 27]. Tlpu nuboMy Oy70 BCTaHOBJICHO, 11O B
pe3yabTaTl IMIUIaHTAIll] MIIHICTh TOBEPXHI KaTajizaTopa 30UIbIIY€EThCS Y TIOPIBHSIHHI 3 BUX1THUM HOCIEM
(pomproro 3 Hepxagitodoi ctami 12X18H10T - HC), a remneparypHa 00poOka CHHTE30BaHOTO KOMITO3UTY
Ha TMOBITP1 3 METOIO OJIEpP’KaHHS OKCHUIy aKTUBHOTO METaiy, JIUIIE HE3HAYHO 3MEHIIY€E HOro MexXaHiuyHy
MIIHICTh (Tabm. 2) [26-29]. OxepkaHi eKcnepuMeEHTalbHI AaHi OyJI0 MIATBEPKEHO TEOPETUYHHUMHU
po3paxyHKamu, TpOBEACHUMHU 3 BuUKopucTaHHsaM mporpam SRIM-2012, Gwyddion, RIO [30, 31].
MeTtoaoM aTOMHO CHIJIOBOI MIKPOCKOITIT OyJI0 IMOKa3aHo, 10 IMIUIAHTAIlis METaJIiB B IOBEPXHEBOMY IIIapi
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BeZIe 710 3MiHM iX MIOPCTKOCTI Ta YTBOPEHHS BTOPHHHUX MAaKpOIOp B MOBEpXHEBOMY mmapi [27-29], mo
BeZie 10 30UTBIICHHS MUTOMOI MOBEpXHI Ha JBa MOpsAKH (y BHUXIAHOT (OJIBIM MUTOMA IOBEPXHS
NPaKTUYHO HE BIiJApI3HSAEThCA Big ii reoMeTpudHoi moBepxHi). Lle m03BONsE BHKOPHCTOBYBAaTH
CUHTE30BaHI METOJIOM 10HHOT IMITJIAaHTAIlli KOMIIO3UTH B SKOCTI HOCITB IIPH HAHECCHHI 1HIUX CJIEMEHTIB
3 BOJHHX Ta HEBOJHUX PO3UMHIB 3 OJCPKAHHIM KaTalli3aTopiB Ta ceHcopis [28, 29, 32-35].

Ta6auna 2. Mexaniuda minaicts (MM, I'Tla) moBepxHEBOro mapy KOMITO3UTIB Ha HEP)KaBIIOYIN CTasl

(HC)
3pazok HC Cr/HC Ti/HC AlI/HC Mo/HC Ti/HC/ox* | AIV/HC/ox*
MM 1.7 2.1 53 5.7 6.8 4.1 3.7

*0X — micIIs OKMCHEHHs Ha moBiTpi mpu 600 °C

MeTtonoM peHTTreHO-(OTOCTEKTPOHHOI CIIEKTPOCKOITii, BIEpIIe B CBITOBIM JiTepaTypi, OyJio
BCTAHOBJICHO, 110 TMPH CHUHTE31 KOMIIO3WUTIB METOJIOM 10HHOI IMIUIAHTAIlll HAa TOBEPXHI OJEp KaHUX
KOMITO3HTIB, B 3JIEKHOCTI BiJI NPUPOJIX IMIUIAHTY, MOXXYTh YyTBOPIOBATHUCS OKCHJIHI, HITPUIIHI,
OKCHHITPUIHI CTIONYKH MeTany. [Ipu mboMy, BifOyBaeThCs IHTEPKAJIALIS a30Ty (CyIPOBOKYIOUHM Ta3)
B CTPYKTYpPY BUXIJHOTO METAIIYHOTO HOCIsS, a TITMOMHA MOTO BIPOBA/KEHHS 3HAYHO OUIbINIA HIXK 10HIB
Mmertainis [27, 30-32].

JocnimkeHHs KaTaliTUYHUX BIACTUBOCTEH CHHTE30BAaHUX KOMIIO3UTIB J103BOJIMIIO BCTAaHOBHUTH
iX BHCOKY aKTHBHICTh B MpOIECI OKUCHEHHS MeTaHy [28, 32], mpu mpOMY IMIUIAHTOBAaHHMMA 3pa3oK
Pd/Ni/HC He3HayHO mOCTymaeThcsi MO CBOIM mokazHukam 3pa3ky Pd/Ni/AI/HC, cunTe30BaHOMY
MJIa3MOXIMIYHUM METOJIOM, MPU HU3BKHX KOHIIEHTpAIlISX METaHy B PeakiiiHii cyMmimri (TeMrepaTypa
MMOBHOTO TepeTBOpeHHs Onm3bko 560 °C) 1 B TOW k€ 4ac MOKa3ye 3HAYHO Kpallli MOKA3HWUKH TIPH
MIJBUINCHIM KOHIEHTpAIlli MeTaHy B peakmiiHii cymimn. OJHOYAaCHO BCTAHOBJIECHO, IO ITOBHE
nepetBoperHss CO, HaBITh y MPUCYTHOCTI B peaKIliiHINA cyMilll mapiB Boau, gocsraetbes npu 350 °C,
0 JI03BOJISIE PEKOMEHIYBaTH JaHMW KaTami3aTop JUIsl 3aCTOCYBaHHS B Ta3oBUX TypOiHax uu
KaTAIITHYHUX TOPUIKaX MpH crajeHHl meTaHy 0e3 HasBHOCTI CO y BUKMAHHMX Ta3aX. byno mokaszaHo
Brucoky edekTtuBHicTh Ni/AI/HC karamizaTopa B mporieci mapoBoi KoHBepcito eTtaHony [28, 32] mpu
3HayHOMY BHX01 BonHIO (82 %) Ta BiacyTHocTi CO B mpoaykrax. Lle no3Bossie BUKOpHUCTOBYBATH
JTAHUW KaTtajaizatop I OJEp)KaHHS BOJHIO 3 BIJHOBIIOBAHOI CHPOBHUHH (€TaHOJY) 3 MPSIMHM HOTO
BHKOPHUCTAHHIM B TTAJIMBHUX KOMIpKax 0e3 gomaTtkoBoro ouutieHHs Big CO.

. Yl
) 7/
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X, %

0 100 200 300 400 500

Puc. 5. TepMmiunuii po3kiiaj €TaHOIY 0 BOAHIO B 3QJIKHOCTI BiJl TOTY>KHOCTI €JIEKTPUYHOTO CTPYMY
IIpY MIPOBEACHHI peakii B TPaJUIIHOMY peXHUMI P HarpiBi peakmiinoi cymimi ((1, 2) Ta nmpu Harpisi
EJCKTPUYHUM CTpyMOM Kataiizaropa (3, 4). Karamizatopu: Ni/HC (1, 3), Mo/Ti/AI/HC (2, 4)
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JlochimKeHHsT eNeKTPOTEXHIYHUX BJIIACTUBOCTEH KOMITO3HMTIB HA HEPXKABIIOUIN CTaNl JIO3BOJIHIIO
BCTAHOBUTH, 110 TemrepaTypa Ha ix noBepxHi Ha 80-100 °C npu npomyckaHHI €IeKTPUYHOTO CTPyMYy
BUIIIA, HDK HA TIOBEPXHI CTaHAAPTHOI HIXPOMOBOI cIipaii il HarpiBHUX mpuiaaiB. bimemr toro, Oyino
MOKa3aHo, 10 MPHU IM0Javi MOBITPsI B 30HY HarpiBy (00IyB cripaii) pi3HHUIS TemIepaTtyp Ha KOPHCTh
CHUHTE30BaHOTI'0 METOJIOM 10HHOT IMIUTaHTaIlii KOMIIO3UTY mie Oinbiia i csrae 130-150 °C 28, 29, 36]. Le
J03BOJIMJIO PEKOMEHIyBaTH BUKOPUCTOBYBAaTH JaHI KOMIIO3UTH 3aMiCTh CTaHJAPTHUX HarpiBHUX
€JIEMEHTIB B TOOYTOBHUX €JIEKTPOTEXHIYHUX BUPOOAX 3 CYTTEBOIO EKOHOMI€IO EIEKTPHUYHOI EHeprii.

3 iHmoro OOKy, BCTaHOBJICHHU (PAaKT ITOCTAaTHHO €()HEKTUBHOTO HATPIBY EIEKTPHUYHUM CTPYMOM
CHHTE30BaHMX KOMIIO3UTIB J03BOJIUB pearizyBatu inero B.M. Brnacenka mpo pearizariro KaTamiTHIHOT
peaxiii mpu Oe3mocepeIHbOMY HArpiBi CIEKTPUYHUM CTPYMOM BIIACHE KaTalli3aTopa, a He HarpiB BCiel
peaKIiifHo1 CyMilli, 16 OCHOBHY Macy Mae moBiTps. byio mokaszano, mo npu 0e3rnocepeIHbOMy Harpisi
KaTtaiizaropa eNeKTPUIHUM CTPYMOM IPOIeC OKMCHEHHS METaHy Ta TEPMIYHOTO PO3KIIAAy €TaHOIY /0
BOJHIO (pHC. 5) peai3y€eThCsl IPU MEHIIIIHM MOTYKHOCTI €1EKTPUYHOTO CTpyMy [28, 29].

DomokamanimuyHi nPoyecu 3HEUKOOIHCEHHA WKIOIUBUX PEYOBUH 6 6001

[Ticns mepeBomy 10 Bimmury rpynu (ortoximii, sikoro kepyBaB €.1. Kaminyc, y B 10cTaTHRO
IIUPOKO PO3MOYAIHCS JOCTIDKEHHS MpPOIeciB (OTOKATATITHYHOI Jerpajalii pi3HUX IIKiJTHBHX
pedoBHH y BogHOMYy cepenoBuii. €.1. Kaminyc cBoi poOoTu y3aranpHHB B CTaTTAX (Hampukman, [37-
40]) ta nBox MoHorpadisx [41, 42]. Ilicnsa HpOro 1EW HampsMOK mpoaoBxkmia T.A. XansBka, poOOTH
sKkoi Oyino mpucBsiueHo Moauikarii Bimomoro Qorokatamizaropa TiO2 3 METO MiIBUIICHHS HOTO
aKTHUBHOCTI B Tpolecax JAerpaaanii MmKiJIMBUX JOMIIIOK B BOAL. Byso BUBUEHO e(eKT BBEIACHHS TaKUX
nowmimmok, sk meranu (La, Sn, Fe, Ce), okcuau MmeraniB (ZnO, V205, MnxOy, BaTiO3, SrTiOs3) Ha
CTPYKTYpHI XapaKTEPUCTHUKH OJIEP’KAHOTO Karamizaropa Ta MOKa3aHo, IO, HAMPHUKIAL, BBEICHHS
JOMIIIKK OKCHJly BaHAMIII0 TO3BOJSIE B JIBA Pa3H HiABHIIUTH HOTro (OTOKATATITHUYHY aKTHBHICTH B
nerpanaii 6apBHuKiB cadpaniny T Ta pogaminy B npu Y @-onpominenHi, a BBeneHHs qomimku C3N4, B
YOTHPH Pa3u Ta OJIEPXKATHU KaTali3aTop aKTUBHUH MPU ONPOMiHEHHI BUIUMHM CBiTIOM [43-45]. B cBoix
nojganpmx gociimkeHHs T.0. XansBka OeTaqbHO BHBYMIA €(EKT BBEJCHHS JOMIIIOK BYTJICIIO Ta
CIpKM Ta 1X CyMICHOTO BBEJCHHS Ha BJIIACTHUBOCTI AMOKCHIY TUTaHy. [loka3aHo, IO CyMiCHEe BBEIEHHS
X JIOMIIIOK BeAe [0 3MEHINEHHS IIMPUHM 3a00pOHEHOI 30HM Ta 3HAYHOTO IOKpAIEeHHS
(doToKaTaTITHYHOI aKTUBHOCTI B PO3KJIaAi OapBHUKIB y MOPIBHSAHHI 3 BUXIIHUM OKCHJIOM THUTAaHy YU
cTannapTHuM ¢oTtokaranizatopom P25 [46-48]. TlokazaHO TakoX, IO 3aCTOCYyBaHHS MOAU(]DIKOBAHOTO
OKCHJy THTaHy BeJle 10 30UIbLICHHS IIBUIKOCTI YTBOPEHHS BOJHIO 3 BOJHO-CTAHOJIBHOI CyMIIIi
(mampuknaza, Tabmn. 3 Ta[49, 50]).

Tabmmus 3. IIBuakocti (v, ) OTPEMaHHS BOIHIO

No Kinbkicts MOIﬁ;(i)iKaTopa, Bar. 3pasok vy, x1077, momb/(x8 T TiO1)
A 2
1 - TiO, 3.3
2 1.69 1Sn/TiO, 53
3 2.29 2Sn/TiO, 6.7
4 3.77 3Sn/TiO, 3.8

[Hmmit mmax s oxepskanHs edeKTuBHUX QoTokaranizaTopiB Oyino oopano C.B. Xamameiinoro
ta B.B. Cugopuykom, siki 3acTOCyBajii ajlbTePHATHBHI METOAM (MEXaHOXIMIIO Ta YJIbTPa3BYKOBY
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00poOKy) TSl BBEJICHHS B 0a30Bl OKCHIU JIOMINIOK IHITUX METANIB Y CHHTE3Y TOJBIMHUX OKCH/IIB.
Byno nokasano, mo gaHi METOIM CUHTE3Y BEAYTh A0 YTBOPEHHS A€(EKTiB B CTPYKTYpi OKCH/IIB TUTaHY,
0JIOBa, HIOOIIO Ta iH., BHACHIJOK YOTO 30UIBIIYETHCS TOTIMHAHHS BHIMMOTO CBITJIA CHHTE30BAHUMU
MomudikoBanumu okcupamu [51-54]. B pesymbrari mporo MoaudikoBaHI OKCHUAM HaOyBarTh
(doTOKATATITHYHY aKTUBHICTH /I €0 BUIUMOTO CBiTIIa. MeXaHOXIMIYHE Ta COHOXIMIYHE JOITyBaHHS
TIOKCHIIB TUTaHy Ta OJIOBA METaJaMH Ta HEMETAJIaMHU BeJe 70 3MIIlEHHs Kparo MOTJIMHAHHS y BUAUMY
00JIacTh Ta 3BY)KEHHS IIMPHHU 3a00pPOHEHOi 30HU, a B PE3yJbTATi IO IMiIBUIICHHS (HOTOKATATITUIHOL
aKTHUBHOCTI JTOTIOBAaHUX OKCHUIB [55, 56] (nesiki 3 oJiepKaHUX TaHUX MPEACTaBiICHI B Ta0I. 4).

Tabauus 4. Pesynbraté dorokaTamiTHuHOI Aerpamanii pomamiHy b B BOgHHMX po3uMHAx MmijJ Ii€r0
BUIMMOTO ONPOMiHEHHS

Cxutag goTokaramizaropa YMoBu cuHTE3y * E,, eB Kq10°, ¢! z[er(}::):l};{?u}[i? %
P-25 [lopiBHsIBEHMIA 3pa30K 3.30 1.1 32/13
TiO, miporennuit MXO cyxa 3.19 6.5 78/51
Ti0, nonosanuit CO(NH>), MXO cyxa 3.05 8.3 86/65
SnO; ocamKeHui Buxinauii 4.19 2.9 16/5
SnO; ocakeHui MXO cyxa 3.58 9.3 96/70
SnO; nonoanuii 1 %Ag Y30 + TO mpu 300 °C 2.59 99.7 98/75
Nb,Os ocamxeHut MXO cyxa 3.64 4.2 48/22
Zn0-SnO; cymimr 1:1 MXO cyxa 3.20 4.8 65/40
Bi,03-Sn0; cymim 1:1 MXO cyxa 3.01 2.8 42/22
Bi,03-Sn0; cymim 1:1 MXO cyxa + TO 500 °C 2.74 4.9 70/54
BaTiOs MXO cyxa 2.86 5.0 85/46

* MXO - mexanoximiuHa 00poOka, Y30 - ynprpa3BykoBa 00podka, TJI - repmiuna 06poOka
** cTymiHp merpamamii OIiHIOBaBCS 3a CTyIeHEeM 3HEOapBiIeHHS (B YHCENBHHMKY) Ta CTyNEHEM MiHepawizamii - 3a
3MEHIIIEHHSIM BMICTy OpTaHIYHOTO BYTJICIIO (B 3HAMEHHHUKY )

10 1

8 4

K4 105, ¢
F -
*
+*

0 T T T T T L]
2,65 2,70 2,75 2,80 2,85 2,90 2,95

Eg, eB
Puc. 6. 3anexHiCTh KOHCTAaHTH MIBHIKOCTI (POTOKATATITHYHOI Jerpanaiii poxaminy b Bin mmpunu
3abopoHeHoi 3001 Eg nms 3paskiB BaTiOs cunrezoBannx MXO B pi3HUX yMOBax

Byno moka3zaHo, IO THNOBI IIMPOKO30HHI HAMIBIPOBIIHUKKA 31 CTPYKTYPOIO TIEPOBCKITY,
OTpUMaHI MEXaHOXIMIYHUM IUISIXOM 3 PI3HMX BHXIJIHUX PEUOBHH, a caM€ TUTaHAT Oapito Ta HioOaT
JITiIO0, TEX AEMOHCTPYIOTh TOCUTh BUCOKY (DOTOKATaNITU4YHY aKTUBHICTh B Jerpajalii pogaminy b mig
niero BuguMoro cBitia [57-63]. Ilpu iboMy, B 3aJIEIKHOCTI BiJI YMOB CUHTE3Y, BiIOYyBAETHCSI 3MEHIIICHHS
IIMPUHA 3a00pPOHEHOT 30HM Ta MiABHINEHHA (OTOKATATITHYHOI aKTHBHOCTI (pHC. 6), OJHOYACHO,

MEXaHOXIMIUHUH CcHUHTE3 Bene 10 yTBopeHHs BaTiO3 3 3Ha4HO MiABHINEHUM 3HAYEHHSIM ITHTOMOI
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NOBEPXHi, y TOPIBHAHHI 3 TpPAaAULiAHUM TBepAO(a3HUM cHHTEe30M (2-4M%/T), 1 1le Takox
CYIIPOBOJIKYETHCS iABHICHHAM (DOTOKATATITHYHOI aKTUBHOCTI (pHcC. 7).

[lepmmii KpOK [0 TNPAKTHYHOTO 3aCTOCYBaHHS HAMMX (OTOKATATITHYHHX TIPOLECIB Ta
dotokaramnizatopiB Oyso 3pooneno JI.B. bpaxnukom. Byno cTBopeHO (hOTOKATANITHYHI YCTAaHOBKHU 3
KOAaKCiaJIbHO PO3TAIIOBAaHUM JpKepesoM ocBiTieHHs (Y®- abo BUauMe CBITIIE) 3 PEHHUPKYISIII0
peakiifHol cymimni Ta eMHicTiO 1o Hii 10 500 mur (pinkoi daszm) [64] Ta po3modaTo TOCTIIHKEHHS 10
Aerpajamii opraHiYHUX pedoBHH (OeH301y, PeHoy), MeMUHUX MpenapariB Ta repoinuaiB. CTBOpeHHs
IUX YCTAHOBOK JaJl0 MOJJIMBICTh BHKOPHCTOBYBAaTH B SIKOCTI KaTayi3aropa (parMeHTH (OJbIH 3
IMIUTAHTOBAaHUM THTAaHOM (OUTBIN JETaTbHO B PO3ILII «aTbTEPHATUBHI METOIM CHHTE3Y MaTepiajiBy)
po3mipamu 10%29 cM, po3TamioBaHoi B3JOBXK CTIHKU IMUJIIHAPUYHOTO PEAKTOpa, IO MPH MOKIMBOCTI
onHopasoBoi Aerpanauii 50-100 amnyn 3actapuiux MeAnpenapari, GaKTUYHO MOKE PO3TISAaTHCS SIK
MJIOTHA ycTaHoBKa [29, 32, 64, 66-68]. Ilpu oMy, BOHa MOJIEIOE pealibHI YCTAHOBKU O OYHUIIICHHIO
BOJIHUX CTOKIB, JIé BUKOPUCTOBYIOTh CKJISIHI TPYOH 3 MOKPUTTSIM HMKHBOI YaCTUHH JIOKCHUIOM THUTAHY.
Bukopucranas 3aMiHHUX (OTOKaTai3aToOpiB Ha (HOIB31, JJIS SIKUX AYKE JETKO 3MIHIOBAaTH PO3MIpH Ta
dbopMy, BITKpUBAE HOBI MEPCIEKTUBU JIJISI MPAKTUIHOTO BUKOPHUCTAHHS (POTO KATATITUIHUX IMPOIECIB

OYUIICHHA BOOU.

0 ) L) T I T
0 10 20 30 40 50

S, mir

Puc. 7. 3anexHicTh KOHCTaHTH MIBHIKOCTI (POTOKATATITHYHOI Aerpanamii pomaminy b Bixg muromoi
nosepxHi 3pas3kiB BaTiOs3 onepxanux merogom MXO B pi3HHX YyMOBax

Hapuianvne oKucnHenHns 8y2ne600Hi6 ma ix nOXiOHUX (NPOOYKMUGHUI Kamaiiz)

VY BiaauT IPOAOBKUIUCS JOCTIDKEHHS NapIiaIbHOTO OKUCHEHHS Mapa(iHOBUX BYTJIEBOAHIB, a
BJacHE H-OyTaHy Ta H-TIEHTAaHy, B TaKi LIHHI HAMIBIPOAYKTH OPraHIYHOTO CHHTE3Y SIK MaJleiHOBHIA Ta
¢dTaneBuil aHrigpUA, SAKI YCHIIMIHO MpoBoxmia Ykpainchko-Ilombchka maGopaTopist 3 KaTanizy B
IacturyTi diznunoi ximii im. JI.B. [TucapskeBcbkoro HAH Vkpainu. He3Baxkaroun Ha Te, mo oOuaBa
NEPCIEeKTUBHI Tpoluecu He Oylio BIpOBaJKEHO B YKpaiHi, B pe3yibrari npoenenux B ICIIE HAH
VYkpainu nociipkeHb Oyio oep:kaHo psia HOBUX PE3yJbTaTiB BiIIHOCHO MEXaHI3My CaMHX IPOIECIB Ta
CHHTE30BaHO psJl HOBHX KaTaji3aTOpiB, SIKI MO CBOIM IOKa3HHWKaM IEPEBHIIYIOTH BiOMi 3aKOpAOHHI
npoMHcioBi aHajoru. Oaepx’aHo 3HaYHUN 00’ €M pe3ysbTaTiB, ajie B LIl cTaTTi OyAe pO3IIsIHYTO JIUILE
HaO1IbII MEPCIIEKTHUBHI.

a) OxucHenns u-oymany. llporiec OKMCHEHHS H-OyTaHy N0 MaJIeiHOBOTO aHTiAPUAY (CBITOBE
BUpOoOHULTBO B 2017 p. — 1.8 MiH. T, ipu 3poctanHi 3.7 % Ha pik [69]) 3a ocTanHi 20 pokiB (pakTUIHO
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3aMiHUB CTapy TEXHOJIOTII0 Ha OCHOBI OCH30JIy B yChbOMY CBiTi (BHUKJIIOUEHHSM € HE3HA4yHI CTapi
notyxHocti B Kutai ta I[aaii). OgHak, mpodiaemMoro € Takuii co0i HOHCEHC, IO 3a Ii K POKH KOJHOTO
MOCTYIY BIEpPEI BIAHOCHO BHXOAY 0a30BOro MpPOAYKTy, He BimOynocs. He3Baxaroun Ha duCIEHHI
JOCTiKeHHsT 1o Momudikarmii oaepkaHHs OKcHUAHOro BaHamii-pochopuoro (VPO) karamizaropa
0a30BHM METOJIOM, BOHHM HE JO3BOJWIM JOCATTH YCIIXY 1 BUXIJ 3aJHMIIAEThCA Ha piBHI 56-60 Mo %
[70-75]. JAns miABHIIEHHS NPOAYKTUBHOCTI TO MaJCiHOBOMY aHTIAPUIY B JITEpaTypi 3’ SBUIIHACS
MPOTO3HILii TPOBOAWTH TPOLEC OKUCHEHHS H-OyTaHy 3 HAQUIUIIKOM BYIJICBOJHIO (TpaiuiiiHa
peakmiitHa cymim Mictuth 10 1.7 00. % CaHio) [70, 71, 76-78]. OmnHak, sSK BHUSBHIOCS, NpHU
BukopuctanHi VPO karaiizaTopa, CHHT€30BaHOTO TPAIUIIHHUM METOJOM, IMiABUIIEHHS KOHIIEHTpAIil
BYIJIEBOJIHIO BEJE /10 CYTTEBOTO 3MEHUIEHHS CEJNIEKTUBHOCTI Mo MA, ioro Buxonay ((paxTH4HOrO 10
10 %) Ta MPOAYKTUBHOCTI TIO I[LOMY MPOAYKTY. B 3B’s3Ky 3 IIMM, OCHOBHI JOCIIPKEHHS BiJLTy Oyiio
MIPUCBSYCHO 3aCTOCYBAaHHIO QIbTEPHATHBHUX METOJIB CHHTE3Y a00 BHUKOPHUCTAHHIO AIbTEPHATHBHOTO
METOJly Ha OJIHOMY 3 eTarniB ozepxkanHsa VPO karamnizatopa.

Taoauns 5. BnactuBocti VPO 3pa3kiB, CHHTE30BaHUX TPATUIIIMHAM METOJOM 3 BUKOpHCTaHHIM V205

TTCIIst MEXaHOXIMIYHOT 00pOoOKH (B JyKKax yac 00poOKHU B XB)
Buxinmuuii peareHT BractuBocTi cuaTe3oBanux VPO 3paskiB
V,0s ®dazoBuil cCKIag To01/T200 Sur., M2/T
V205mmx030) VOHPO,-0.5H,0 1.4 12.6
V205mx060) VOHPO,-0.5H,0 2.5 15.7

X, %, Sma, mon. %

50 T T T T 1
0 0,5 1 1,5 2 25

loo1/1200

Puc. 8. 3anexnicTs koHBepcii H-OyTaHy (1) Ta CENEKTUBHOCTI YTBOPEHHS MaJIETHOBOTO aHTiApuay (2)
BiJl BiIHOCHOTO BMicTy Oa3zanbHOi Twiommau B VPO karamizaTopi mpH BUKOPUCTAHHI TpaguIliiHOL
peakmiitHoi cymimti (1.7 06. % CsHio B moBiTpi)

Tax Oyno mokas3aHo, II0 BHKOPHCTaHHS IMONEPEeIHBO 00pOOJICHOr0 MEXaHOXIMIYHMM METOJ0M
V20s, BuxinHoro peareHty B cuHTe3l VPO KkartamizaTopa, MpH BUKOPHCTaHHI TPaJULIHHOTO METOMY
MPUTOTYBAHHS JIO3BOJISIE 3HAYHO CIPOCTHUTH HOTO (3MEHIIMTH Yac CHUHTE3y B 5 pasiB, 3MEHIIUTH
KUIBKICTh OPraHiYHOTO PO3YMHHUKA B 3 pa3u, HEMOTPIOHO O0IaTKOBO BBOAUTHU BiTHOBHUK). OIHOYACHO,
K TOKa3yloThb JaHi Talj. 5, BUKOPUCTaHHA MEXaHOXIMIYHO OOpOOJIEHOTO OKCHIY BaHAMAII0 Bele [0
301bIICHHS BiZHOCHOTO BMicTy OazanbHoi miuomuHu (001) B aktuBHii ¢azi VPO karamizaropa, a 1e
BIJIMOBIAHO BeJe 10 301IbIIEHHS aKTUBHOCTI Ta CENIEKTUBHOCTI KaTaiizaTopa B MPOLECi OKUCHEHHS H-
OyTaHy 10 MayleiHOBOTO aHTiapuay (puc.8) NpU BUKOPUCTAHHI TPaTUIIHOI peakuiiHOl Ccymimri
(1.7 06. % CaHio B moBiTpi). 30UIbIIEHHS] KOHIIEHTpALlli ByTJIEBOAHIO B peakliiHii cymimi (puc. 9), y
BIJIMOBIAHOCTI IO HAaBEJIEHOTO BUIIE, BEJI€ IO 3MEHIICHHS aKTHBHOCTI Ta CEJIEKTHUBHOCTI KaTali3aropa
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(mopiBHsHHS puc. 8 Ta puc. 9), ame Bce OMHO, BUXIA TPOAYKTY € B 1.5 pasu BUIIHM, HiX OyJ0
BCTAHOBJICHO B JIITEPATYyPi.

SIKmo BpaxoBYBaTH, IO KOHBEPCisl ByrieBoaHIO (puc. 9) mpu minsumenomy Bmicti H-C4Hio B
peakmiiHii cymimn He nepeBuirye 50 %, crae MOKIMBHM Ta €KOHOMIYHO BHTITHUM PEIHKI H-OyTaHy,
KU OyJio 3amporioHoBaHo B [78, 79]. Hamu 3ampornoHOBaHO iHIIWMI BapiaHT MPOBEICHHS IPOIECY
okucHeHHs H-Cs4Hio. Ilicnms mepmoro peakTopa, Ha BXiJ SKOTO IOCTYNa€ CYMIll 3 HaTUIIKOM
BYTJICBOJHIO, Ta BUIUICHHS MaJeTHOBOTO aHTIAPUAY 3 MPOAYKTIB pEaKIlii MICIs MEPUIOro peakTopa,
ra3oBa CyMimr (KOHIIEHTpAIlis HEe mpopearoBaHoro H-OyTtany Onm3bko 1.7 00. %) mocTynae Ha OpyrHid
peaxTop 3 KarajizaTopoM, Ha sSIKOMY BiIOYBa€Thcs OKHCHEHHS H-OyTaHy. [Ipu mpomy peanizyeTbes, Tak
3BaHa, KacKagHa cxeMma MpoBeAeHHs mporecy. CymapHa MPOAYKTUBHICTh, B I[bOMY BHIIQJIKY, MOE
nocsirati  2.34 Mo MA/(tox-kr VPO), mo mnpakTHyHO B 2 pa3d MEPEeBHIIYE TPATUIIHHY
MPOAYKTHBHICTB. B pe3ynbrarti mpoBeneHNX AOCTiKeHb Oy10 onep)kano mareHTd Ykpainm [80, 81].

50 1
40 A

30 A

X, %, Sma, MON.%

loo1/1200

Puc. 9. 3anexHicts koHBepcii H-OyTaHy (1) Ta CENEKTUBHOCTI YTBOPEHHS MAJICTHOBOTO aHTiApHIY (2) Bix
BITHOCHOTO BMICTy OasanbHOi TwiommHu B VPO Kkartamizaropi mpu BHKOPHCTaHHI pPEaKIidHOI CyMiIi
30aradyeHoi ByrieBogHeM (3.5 00. % CsHio B moBiTpi)

Taoauus 6. Karanitnyni BnactuBocti VOx/Si02 KaTanizaTopiB B peakiiii OKUCHEHHs H-OyTaHy

ATomHe Oxkucherns H-0ytany (Cesmio = 1.7 00. %) OxucHensst H-0yTany (Ccanio = 12,5 06. %)
CIIBBi- . Konsep- | Cenexktus- | CenekTuB-
Kongepcist | CenexTus- . . .

HOIICHHS TeMnepaTypa 5 Hiomn 5a MA. TeMnepaTypa cist HICTb 32 HICTb 3a

V/Si peaxkiii, °C H };TaHy’ o, | peakuii, °C | n-Oyrtany, C4Hs, C4He,
00’em) % mor. % % MoJL. % MoJL. %

0.08 480 34 21 540 11 15 7
0.15 450 41 29 520 23 34 14
0.20 440 48 41 500 29 42 22
0.35 450 42 32 510 27 40 25

[IpoGnema 3MiHM TMapameTpiB OKHCHEHHS H-OyTaHy MpH MiABHUILEHHI HOTO KOHIEHTpalii B
peakuiiiHiid cymimi Oyna migMideHa JOCUTHh JAaBHO, MPH JOCTIIKEHHS MEXaHi3My LBbOTO MpoLecy
metogoM TAP [82] B mpucytHocti VPO karamizaropa, Koiau Oyjl0 BCTaHOBJIEHO YTBOPEHHS
HEHacH4YeHUX ByTieBoAHIB C4, sIK OCHOBHUX IpoayKTiB. Lle >k Oyno Hamu noka3aHo B poOorti [83] mns
VOx/Si02 karanizaropis, 1o mpeactaBieHo B Tabdmn. 6. [IpuHunoBo, me Moxke O0yTy MOSICHEHO Ha 0a3i
MeXaHi3MIB OKMCHEHHS H-OyTaHy [84, 85] Ta OyrteHiB [86], ski 6a3yrOThCs Ha Mirpailii ByTJIEBOJHEBUX
(dbparMeHTiB MO MOBEPXHI KaTanizaTopa 3 3aJy4yeHHSIM KUCHIO BiJl pi3HUX CYCIJIHIX TPYII, a IPU HAsIBHOCTI
3HaYHO{ KINBKOCTI BYTJIEBOJHIO aJCOPOOBAHOTO Ha TMOBEPXHI, IS MOXJIHUBICTH OJIOKYETHCS, TOMY B
nporieci NpuiMaroTh 1-2 aTOMH KHMCHIO, 1110 BEJI€ BJIACHE 10 YTBOPEHHsI MPOAYKTIB JETiApyBaHHS.
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0) Oxucnenns n-nenmany. Ilepiii 1ociHKeHHS HOTO Tiporiecy [87-89] M03BONMMIN BCTAHOBUTH, IO
OKHCHEHHS I[hOT0 BYTIIEBOAHIO B mprcyTHOCTI (VO)2P207 kaTamizaropa Bee 10 yTBOPESHHS JIBOX IIKaBHX 3
MPaKTUYHOI TOYKH 30py MPOIYKTIB — MaJeiHOBOTO Ta (TaneBoro arigpuay. BiTHOCHO OCTaHHBOTO
MPOIYKTY, TO 3pOCTaHHS I[IH Ha O-KCHJIOJ, TPAIMIIiIIHYy CHPOBHHY BHPOOHHITBA (hTAJ€BOTO aHTiIPHUIY,
BU3HAYMJIO TIPAKTUYHHNA IHTEPEC, a 3 TEOPETHIHOI TOYKH 30Dy LIKaBUM OyJI0 ()OpMYBaHHS MPOIYKTY, SIKHA
MICTHUTB BiCIM aTOMIB BYTJICIIIO 3 BUXITHOI pEUOBMHH, B SKill € TUIBKH IT’ATh aTOMIB ByTJIeiio. B pobori [8§]
OyJa 3ampoNOHOBaHA CXeMa YTBOPEHHS (DTaJeBOTO aHTIAPHIY Yepe3 MOCIiIOBHE ACTiApYBaHHS H-TICHTaHYy
710 TICHTEHY Ta TIEHTaieHy, 3 IMKITI3aIlI0 OCTAHHFOTO Ta YTBOPEHHM CKJIAJJHOTO TEMIUIATY, SIKA BIIACHE 1
OKHUCITIOEThCS 10 (hranmeBoro adrimpuay. JlaHa cxema BHUKJIMKaNa psJi CYTTEBHX MHTaHb Ta HE 30BCIM
Y3TO/DKYBasacsi 3 PSJIOM EKCIIEPUMEHTAJIbHUX (DaKTiB, B pe3yibTaTi 4oro y Bijuiut Oylio IMPOBEICHO
JOJATKOBI JIOCTIKEHHS 3 1boro muTaHHs [90-93] Ta 3amporioHOoBaHa MPUHIIMIIOBA 1HIIA CXEMa IMPOIECy
(6azyerpcst Ha cxemi OkuCHeHHs mapadiHiB [85]), 3a SKOIO Ha MeEpIIOMY eTarli BiIOyBAa€eTbCS BiIpUB
CHs-rpymm Ta ytBOpeHHs onediniB Cs, a yTBOpeHHS (pTajeBoro aHrigpuay € pe3ysiabTaToM peakil
Hinbca-Anpiepa MDK MasneiHoBUM aHrizpuaom Ta onepiHamu Ca. Byno mokazaHO 3B’SI30K MiK
CEJIEKTHBHICTIO yTBOpeHHS (hraneBoro aHrinpuay (PA) Ta kucinoTHicTo JIproica moBepxHi MoH(iKOBaHIX
nomimkaMu pisHMX MetaniB VPO karamizaropiB (puc. 10) Ta 3amporoHOBaHO MNUISXH ITiABUIICHHS
cenekTUBHOCTI Ta Buxoay DA npu okucHeHHI H-nieHTany [93-97]. Tak, B po6oti [95] Oyno mokaszaHo, 1o
BUKOPHCTAHHS JIBOX IMOCIIIJIOBHUX PEAKTOPIB, B SIKI 3aBaHTaKEHi JIBa Pi3HUX (MOIM(IKOBAHMX JOMINIKAMU
pizaux metaniB) VPMeO katamizaTopa J03BOJISIE TiIBUIIUTH CEJICKTHBHICTD MO ()TAJICBOMY aHTIIPHIY 10
44 %, Ta BUCyHyTa TIOT€3a PO TE€, IO MOMJIMBO BHUKOPUCTATH OIUH PEAKTOp 3 IOIIAPOBUM
3aBaHTaKCHHSIM LUX Kartai3aTtopiB. Pe3ynbTaTi qOCTiIKEeHHs MOKa3ally, 10 TaKUi BapiaHT J03BOJISIE IIe
MIBUILUTH CEJICKTUBHICTh MO (TaneBoMy aHrigpuny a0 48 % (tabm. 7) Ta HOCATTH BUXOIY LIHOTO
npoaykty — 40 mon. % [97]. CymapHa ceneKkTHBHICTh 10 ABOM aHrinpuaam (MA + @A) nocsarae 57 %, npu
ix cymapaomy Buxofi 47 mon. %. BpaxoByioun pi3HMIIO B I[iHAX Ha TPAAUIIHHY CHPOBUHY OJEp KaHHS
@A (o-kcuitom) Ta H-TIeHTaH (Tepia B 2.5 pa3u BHIlA), HAaBITh IPH HIHKYOMY BUXOJ1 (prajeBoro aHripumsy

HOBUH MpOIIeC OT0 OJIepKAHHS CTAE EKOHOMIYHO BUT1HUM.

Tadmuus 7. ChiBcTaBieHHs pe3yJbTaTiB OKUCHEHHS H-mieHTaHy (350 °C) mpu 3aBaHTaX€HHI B peakTop
OJTHOTO 3a MPUPOJIOIO KaTaJli3aTopa Ta MOMIapOBOMY 3aBaHTKEHHI JIBOX PI3HUX KaTali3aTopiB

KaraizaTop CenexTuBHICTh, MOI. % .
BepxHniii map Huokniii map MA DA Buxig @A, mon. %
VPTiO VPTiO 54 11 9
VPBiO VPBiO 11 42 34
VPTiO VPBiO 9 48 40

B) OxucHnennsi nponany. MexaHi3m aktuBanii mapadiniB B mpucyTtHocti VPO kartamizaTopis,
3amponoHoBaHui B [85], mepenbauaB MOXIIMBICTH MIJABUILEHHS BHUXOAY OJe]iHIB B peakLifx
OKHCJIIOBAJIILHOTO  JIET1[pyBaHHS TPOMaHy, LUIAXOM Mojudikamii pi3HUMH JOMIIIKaMu 0a30Boi
KaTamiTH4HO1 KoMmo3uilii. JlificHo, Oyso BCTaHOBIEHO [98], 110 BBEACHHS JCSIKUX €IIEMEHTIB B CKJIAJ
VPO xkatanizatopa 103BOJIsIE IPU Tii camiii KoHBepcii mapadiny 30UTbIINTH CENEKTUBHICTh YTBOPEHHS
npomineny 3 25 1o 40 % (npu kouBepcii napaginy 10 %).

OpHak, B LIJIOMY MOKAa3HUKH MO BUXOJAY NMPOJYKTY 3ajUINAIKCA HA PIBHI BIOMHUX 3 CBITOBOL
miTeparypu, xiba mo TemmepaTypa mnpouecy Oyma Ha 50-100 °C Hpk4ya. 3HAYHO MEPCHEKTUBHINTUMU
BUSIBUWINCS 3pa3Ky KaTalli3aTopiB, sIKi MICTATh OKCHJ BaHA[i10, BIpoBakeHui B Matpuiito SiO2 [83]. Sk
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MOKa3yI0Th HaBeleHi B TaOJ. 8 pe3ynbTaTH, B iX MPHUCYTHOCTI JOCATAETHCS (IIPHU TEMIIEpaTypax HUKUYE
500 °C) ceneKkTUBHICTH Ta BHUXiJ MPOAYKTY, SKi IEPEBUIIYIOThH BIJIOMi aHAJIOTH.

60 -
55
50
45
40
35
30
25
20
154
104
5_-
]

0,
Sviar Sepas MOIL%

0.0

2
L, MKMOJIB/M

Puc. 10. 3anexHiCTh CeIEKTUBHOCTI yTBOpEeHHs MasieiHoBoro (MA) ta ¢raneBoro (PA) aHriapuiB Bifg
KUTBKOCT1 KUCTOTHUX LIeHTpiB JIbtoica Ha moBepxHi VPMeO karamizaTopi

Ta6auusa 8. Karamituuni BractuBocti VOx/SiO2 karamizaTopiB B peakilii OKUCHEHHS MPOTaHy

AToMie OKHCHEHHS TPOIaHy
. . . CeneKTUBHICTH 3a [IpoaykTHBHICTH TIO
CHiBBigHOIIEHHA V/Si Temmepatypa Kongepcis DOMICHOM .
(06’em) peakuii, °C npomnany, % P ’ TpOMIICHY,
Mot % T-MOJB/(KTxar TOJT)
V205 [99] 500 5 40 0.6
0.15 460 35 43 4.5
0.20 450 41 45 5.6
0.35 470 33 37 3.7
VOx/MCM-41 [100] 550 31 35 3.2

r) Okucnenns emany. B OCHOBI JOCHIDKEHB MpPOIECY OKUCHEHHS €TaHy JI0 eTUJIeHy OyIio
MOKJIAZICHO Ti K caMi YysIBIIEHHsS Mpo akTuBauliio napaginiB Ha nmoepxHi VPO karamizaropis [85]. B
poborax [101, 102] OGymo moka3zaHo, IO BBEACHHS AOMIIIOK JESKUX eleMeHTiB 1o 0a3oBoi VPO
KOMITO3HIII{ JTO3BOJIsIE CYTTEBO MIJIBUILMTH CENEKTUBHICTh YTBOPEHHs eTrieny (1o 75-80 %) npu koHBepcii
erany 10 %. B minmomy Oyio mokasaHo, IO JaHI KaTasli3aTOpu JO03BOJIAIOTH JOCATTH BHXOIY E€TUJICHY
18-19 % mon mpu mpoxykTuBHOCTI Oinst 80 r/(Krkar rox). B mopanmpmiomy, 3 METOH MiABUIICHHS
MOKA3HUKIB TIpoliecy 0yJI0 3aCTOCOBAHO MOBIIHY MeXaHOXIMiuHY 00poOKy mipu cunTe3i VPO karamizatopa

Puc. 11. Mopdomoris 3pa3ka (CEM) VPO-karanizaTopa, cuHTe30BaHOTO Ha 0CHOBI V2050Mx060) () Ta
micist woro MXO mpotsirom 2 rox (6), 4 rox (B)
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(crouaTKy OOpOOJSIIM BUXINHUEM pEareHT OKCHJA BaHAI0, a B IOAAJBIIOMY MPOBOIMIA OOpOOKY
CHHTE30BaHOTO Ha MOTO OCHOBI NpeKypcopa — moidyriapara rigpodocdara BaHanity). Pezympratrom
IIBOTO € CYTTEBA 3MiHa MOP(OJIOTiT YaCTUHOK Kartamizaropa (puc. 11) Ta 30ibIIeHHS BITHOCHOTO BMICTY
6okoBoi monwHY (220) B 3pa3ky (Tabdi. 9). Y BiImoBiAHOCTI 0 TimoTe3u [85] 1e Bexe 10 MiABUIICHHS
e()eKTUBHOCTI OKHCITIOBATHHOTO JIETIAPYBaHHS €TaHy JO CTWJICHY, IO TMoKa3aHo B TaOi. 9. Onmepxkani
MOKAa3HUKH NIEPEBUIIYIOTh BiZIOMi CBITOBI aHAJIOTH, PE3yJILTATOM YOT0 OYJI0 O/Iep)KaHO MAaTeHT YKpaiHu
Ha croci0 oxepkaHHs karamizaropa [103].

Taoauus 9. J[leski BnactuBocti VPO karamizaTopiB, CHHTE30BaHMX Ha OCHOBI OKCHIY BaHAJIIO ITiCIIS
60 xB #ioro MXO, micas ix noBropHoi MXO

Mapaverp Yac MXO cuHTE30BaHOTO MPEKypcopa, o1
0 1 2 4 6
Loo1y/L220) 2.5 1.3 0.8 0.5 0.3
Sturr, M°/T 16 17 18 22 22
X, %* 19 30 58 56 48
Sca-, %™ 18 34 52 57 57
Yco-, %0* 9 10 30 32 27

* OxwuciroBajibHe neriapyBanHs erany npu 500 °C: X - koHBepcis €TaHy, Sci- - CEJIEKTUBHICTh 110 €THIICHY, Y (o= - BUXIJ
ETUJICHY

1) OkucHennsi memany. 3 JITEPATypu A00OpE BIIOMO, 110 HAMOUIBIN MEPCIIEKTUBHI PE3yIbTaTH B
CEJICKTUBHOMY OKHCHEHHI MeTaHy A0 ¢opMalbleriay Oyjao oJepaHO Ha HAHECEHUX OKCHUIHUX
MOJTIOICHOBHX Ta BaHAMIIEBUX KaTajli3aTopax, Xoua BOHM HE JAOTh 3MOTH IMOKH IO peali3yBaTH JTaHUN
npornec. Hamu Oyno 3amporoHoBaHa rirmoTe3a, 1Mo MOKa3HUKH MPOIECY MOXKYTh OyTH MiABUINEHI MPU
dbopmyBaHHI KaTrajizatopa, WOHH METalTIB SKOTO MOXYTh yTBOPIOBATH NEPOKCHIAHMN KHUCEHb Ha
noBepxHi. Hanecennst Ha moBepxHio SiO2 MEPOKCOKOMITIIEKCY BaHAA1I0 Ta JOCITIIKEHHS 1IbOTO 3pa3ka B
peakii okucHeHHs MeTaHy [104] mokasano, mo iCHYyIOTh JBa MAKCUMYMH yYTBOPEHHS ()OpPMaIbICTIY:
nepmuii - mpu Temreparypi ommspko 300 °C 1 gpyruit B paiioni 550 °C. 3po3ymisio, o Mpu IHX
JOCITIJIaX TEePOKCOKOMILIEC BaHAIII0 PYWHYBaBCS, IO BIAOOPAKEHO MAaKCHMYMOM KOHIIEHTpaIlii
dbopmanpneriny.  Cunre3oBanuit  VSiO  karamizaTtop  TakoX  JEMOHCTPYBaB  HAsBHICTh
HU3BKOTEMITEPATYPHOI aKTUBHOCTI B YTBOPEHHI (pOopMaibIeriay, a MpU BHCOKHX TEMIIepaTypax BiH
MPaIIOBaB JOCTAaTHHO CTa0LIBHO (0€3 MaKCHMYMY KOHIICHTpaIlii (opMalibIeriay), Xo4a K BUSBHIIOCS, B
CTAalllOHApHOMY TMIPOLIECI OKHUCHEHHS MeETaHy, MOro TMOKAa3HUKW 10 BHUXOJy Ta CEJIEKTHUBHOCTI
dbopmanpneriny He mnepeBuiryBasin Bimomi [105]. BaockoHaneHHsT METOJy CHHTE3Y BaHaJl€BHUX
KaTaJli3aToOpiB J03BOJIIIO ojaepxaTu [83] 3pa3ku, siKi MO CBOIX MOKa3HUKAX MEPEBUIIYIOTh BiIOMI
aHanoru (tabmn. 10). Bucoki mokasHWKH, Ha Hally JAyMKY, 3B’si3aHI 3 MOXJIMBICTIO TETpaeapHIHO
KOOPJIMHOBAHOTO BaHAJII0 B MAaTPHUIll OKCHAY KPEMHIIO aacopOyBaTH KHCEHb 3 Ta30Boi (asu 3
YTBOPEHHSAM BIIaCHE TMIEPOKCHAHOTO KHCHIO Ha HoHi V4.

e) OxkucHenHs o-kcunony y ¢pmanesutl aneiopud. Jlanuit mporec peani3oBaHO B TPOMHCIOBOCTI 1
BIH JOCTaTHBO €(eKTUBHO TMpoTikae B mnpucyTtHocTi V20s5/Ti02 xkatamizaropiB [106, 107], sxi
OJIEP)KYIOTh IIJISIXOM TPOCOYEHHS OKCHUIY TUTaHy PO3UYMHOM METaBaHAJaTy aMoHiI0 (IPOMUCIOBUMN
KaTali3aTop TaKOX MICTHTH Psj JOMIIIOK 1HImHMX eneMeHTiB). Hamu [108] Oyno 3anmpornoHoBaHO HOBUMA
METOJ] CHHTE3Y KaTaji3aTopa, MIJITXOM MEXaHOXIMIYHOiI 0OpOOKHM CyMillll OKCHIB BaHAJII0 Ta TUTAHY B
etanoii. OnepaHuil KataaizaTop J03BOJSB OTPUMYBATH (TalieBUN aHTIApUI 3 celeKTUBHIcTIO 87 %
npu 89 % KOHBepcCii 0-KCUIIONY, TOOTO (PaKTHUHO HE MOCTYIMAaBCA MPOMHCIOBUM 3pa3KaM, OJHAK MpH
bOMY MpaitoBaB mpu Temneparypax Ha 100 °C Hux4ux.
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Taoauus 10. Katanitiuunai BractuBocti VOx/Si02 kaTaizaTopiB B peakilii OKICHEHHS METaHy

OKHWCHECHHSI METaHY
ATtomHe - .
. . CenexTUBHICTB 3a [IpoyKTHBHICTB 11O
CIiBBiTHOIIICHHS TemmepaTypa Konsepcist (opMaTbIIerizion (bopMaTBeriy

. N 2 0 0 s b
V/Si (06’em) peakiii, °C MeTaHy, % o % F-MOMB/(KTar TON)

V205 610 4 0 0

0.08 560 9 4 1.4

0.15 530 14 17 7.9

0.20 510 18 18 9.2

0.35 540 14 12 5.3

0.60 560 12 6 2.8

VOx/MCM-41 [105] 633 10 12 4.6

K) OKkucnenns Oensony 6 penon MmonexkyiapHum kuchem. B mitepatypi Oylio 3alipONOHOBAHO
ollepkaHHA (PEHOTy MUIIXOM OKUCHEHHS OeH3oimy 3akucoMm aszotry [109], sx anpTepHaTHBa
IIPOMHCIIOBOMY TIpoliecy HOro ojaepkaHHs udepe3 izompominden3os. HoBuit mporec, He3Baxaroun Ha
JOCUTh BHUCOKI MOKa3HHWKH, Ma€ psi HEAONIKiB, TOMy J0Ci He peanizoBanuil. Hamu Oynum posmouarti
JOCIIJKEHHSI CUHTE3Y KaTaji3aTopiB AJIi OKUCHEHHS OCH30Jy MOJIEKYJISpHUM KUcHeM moBiTps [110],
OJTHAK, XO0ua MepIlli pe3yNbTaTh MOKa3alu MOXKIUBICTh WOTO MPOTIKAHHA, OAEpXkaHi AaHi Oynu JIajexi
BiJ OaxaHux (Buxia QenHomy Ha piBHI 4 %). JlochikeHHS OCTaHHIX POKIB JI03BOJIMJIM CHHTE3YBaTH
KaTani3aTtopu, sKi 3a0e3neuyroTh BUXiJ Npoaykry a0 28-30 %, 110 € Bke 3HA4YHO NPUMHATHUM IS
MPAKTUYHOI peaizalii.

3) OKkucHenHa emanony 8 ayemanvoecio. Bigomo, 1O 0a30BUM MPOILECOM OJEP KAHHA
alietanpleriny € Bakkep-mpoliec 3 BHKOPUCTaHHSM €TWJIEHY B SKOCTI BHUXIJHOIO peareHTy.
JIBocTaniitHuii Ta ogHOCTaAiiiHUI Bakkep-niporiecu MaroTh psiji CyTTEBUX HEJOMIKIB, TOMY MEPCHEKTUBU
PO3BUTKY CHHTE3Yy alleTajabAeriy MOB A3YI0Th 3 PEaKIi€l0 OKHCHEHHS €TaHOIY 1 Ha ChOTOJIHI BXKe 0Lt
30 % Bcix moTykHOCTel Oa3yroThes Ha Hil [111, 112]. B pe3ynbprari mpoBeAeHUX AOCHIHKEHb OyI0
PO3pOOIEHO MEXAaHOXIMIYHMI Ta COHOXIMIYHMI CIOCOOM ojepkaHHS Momnioaaty muHky [113, 114],
KU BUSBUBCS €(DEKTHBHUM KaTaji3aTOPOM OKHUCHEHHS €TaHOJy B OLTOBMH aybjeriy (oJaepxaHui
MEXaHOXIMIYHMM METOJOM He3HauHO e(eKTHBHIMKA HDK coHoximiuHui) [115,116]. Onepxani
KaTaji3aTopu MOKa3yloTh BUCOKI MOKAa3HUKU MPHM HU3bKIM TemnepaTypi peakuii (tTpoxu Buiie 200 °C),
CENIEKTUBHICTh YTBOPEHHS aleTanpAeriny ckiagae 95-96 % npu kousepcii cnupty 100 % (Tabdmn. 11),
HOPONYKTUBHICTb KaTalizaTopa csira€ 2.2 MOJIb/(KIxar 3@ TOA). Sk MOXHA nO0AUUTH 3 JaHUX,
npeicTtaBieHUX B Ta0m. 11, po3poOsieHi Kkarami3aTopu MO CBOIX IOKa3HHMKAax MEPEeBUIIYIOTh
ommy0I1iIKOBaHi B JTepaTypi JaHi.

Ta6muusa 11. Katanituuni BnactuBocti CeO2/MoO3 koMmno3ullii miciast MexaHoXiMigHOT 00poOKH B
peaxilii OKHCHEHHsI €TaHOJTy JIO OITOBOTO aJIbJICTiay

Yac 00poOku, rox Temmneparypa, °C Konsepcist, % CejngTABOI;I.COTZ 3a Bllf;;lji (;)A’
2 245 98 90 88
4 190 50 100 50
225 100 96 96
2 170 50 100 50
205 100 95 95
Cu-Ca-Si-O [117] 270 57 95 54
Ag/SrFeOs [118] 250 80 92 74
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OxpiM 3a3HauEHUX PEaKIiid, y BIIUI JOCIIIKYyBaId TaAKOX IPOLECH OKUCHEHHS Ta TEPMIdHOI
JECTPYKIIi €TaHONy 10 BOJHIO, OKHCHEHHS IMPOIMaHy [0 aKpUJIOBOI KUCIIOTH, OKUCHEHHSI €TaHy 0
OLITOBOI KMCJIOTH, OJIHAK CHHTE30BaH1 Ha CbOI'0JIHI KaTali3aTOPH MOCTYIA0ThCS BIJIOMUM aHAJIOTaM.

Bucnoexu

[IpencraBneHO OCHOBHI pe3yiabTaTH B Tally3l OKHCIIOBAJIBHOTO T'€TEPOr€HHOTO KaTalizy,
onepxani B [HcTUTYTI copOrii Ta mpobaem enpoexomnorii HAH Ykpainu.

Po3po6iieHo edekTUBHI KaTami3aTOpu IS MPOIECIB E€KOJOTIYHOTO Karamildy (CeJIeKTHBHOTO
OKUCHEHHsI CipkoBOgHIO, OokucHeHHs CO Ta ue#tpanmizanii CO B Hammumky BomHio). I[lokaszana
MEPCIIEKTHBA 3aCTOCYBaHHS KaTalli3aTOPiB HAa METAIIYHUX HOCISX.

BcraHoBieHa TEepCHEKTHBA 3aCTOCYBaHHS albTEPHATUBHUX METAJIB CHHTE3y (MEXaHOXiMif,
COHOXiMisl) Juig CHHTe3y e(eKTHBHHX (oToKaTamizaropiB HeHTpamizamii IIKIUIMBUX JTOMIIIOK
OpTaHIYHUX CHOJYK, BKIIOYAI0OUN MEIIpenapaTH Ta repOilian, y BOJHOMY CEPEOBHIII.

Po3pobneno edexkTuBHI KaTanizaTopu OKMCHEHHSI H-OyTaHy B MaJe{HOBHH aHTiApWA, H-TIEHTaHY
y (raneBmii aHrigpua, e€TaHy B €TWIEH, MeTaHy B (opManbplerin, sKi Mo CBOIM IapaMerpam
MIEPEBUIYIOTH BiJJOMI 3aKOPAOHHI aHAJIOTH.

3amponoHOBaHO HOBI CXEMH NPOIECIB OKHCHEHHS H-OyTaHy B MaJIeiHOBHU aHTIAPUMA, TIPH
i ABHIIEHIM KOHIICHTpAIlii ByTJIIE€BOAHIO, Ta H-TICHTaHY y (hTaneBuii aHTiApuI.

Po3po0iieHi karanizaTopyu OKHCHEHHS €TAHOJY B ONTOBHUMU aJIbJIETi/T 3 MMOKA3HUKAMH, SKI 3HAYHO
MEPEeBUILYIOTh BIOMI aHAJIOTW Ta MPALOOTh NpHU OUIBII HU3BKUX TemrepaTypax. llpomec Ha mux
KaTayi3aropax € KOHKYpEeHTO3/1aTHUM BifoMoMy Bakkep-mporiecy.

Ilooaxka
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MIPOLIECiB, HUHIIIHIM Ta KOJHUILIHIM, 32 IPOBEICHHS EKCIIEPUMEHTAIBHUX JOCTIHKEHb Ta OJepiKaHi pe3yIbTaTH, Ta
KOJIeTaM 3 HIIHUX BITIYM3HAHHUX Ta 3aKOPIOHHUX OpraHizarii, SKi mpuiMald yJ9acTh B poOOTax.
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Development of oxidation heterogeneous catalysis in Institute for Sorption and
Problems of Endoecology of National Academy of Sciences of Ukraine

Valery O. Zazhigalov
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13 General Naumov Str., Kyiv, 03164, Ukraine, zazhigal@ispe.kiev.ua

In this publication the results of heterogeneous catalytic processes of different nature compounds oxidation in
productive and ecological catalysis obtained in Institute for Sorption and Problems of Endoecology NAS of Ukraine
during last 30-years are summarized. The problems of effective catalysts synthesis for these reactions and development
of nontraditional preparation methods to catalysts technology are considered. The results obtained in investigation of
saturated hydrocarbons (methane, ethane, propane, butane, pentane) partial oxidation in valuable products
(formaldehyde, ethylene, propylene, maleic and phthalic anhydrides) are presented. The mechanisms of paraffins
hydrocarbons transformation are presented. New approaches to effective catalysts preparation, which based on
alternative methods (mechanochemistry, sonochemistry, barothernal synthesis, ionic implantation) using, for these
processes are shown and the comparison of results obtained on synthesis catalysts with known literature data was
realized. It was established that in most cases the catalysts prepared by us are more effective in different processes that
known analogous catalysts.

New schemes of maleic anhydride production in excess of n-butane in reaction mixture and phthalic anhydride
from n-pentane with two catalysts in catalytuic bed were proposed.

The process of ethanol oxidation to acetaldehyde was studied and very effective catalysts for this process
realization were proposed.

The synthesis of the catalysts for environment protection (total oxidation of H,S, CO and CO in hydrogen
excess) is considered and it was shown that the developed catalysts don’t give in activity foreign analogues. The results
obtained at catalysts preparation for photocatalytic degradation of different organic compounds, including herbicides
and medical substances, in water medium are presented. The positive effects of the catalysts synthesis by nontradional
methods (mechanochemistry and sonochemistry) for effective photocatalysts preparation are shown. The new
perspective directions of catalytic oxidation processes and methods of the catalysts preparations are presented.

Keywords: heterogeneous oxidation catalysis, photocatalysis, catalysts, paraffin hydrocarbons, ethanol
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Jloc/iazKeHHs 110 reTePOreHHOMY KHCJI0THO-OCHOBHOMY KaTtaJidy B IHcTuTyTi
copOuii Ta mpodJieM enaoexosorii HanionajabHol akaaemii HAyK YKpaiHu

Boaoaumup B. bpeit

Tuemumym copoyii ma npobdnem endoexonoeii Hayionanonoi akademii Hayk Yrpainu
syn. I'enepana Haymosa, 13, Kuis, 03164, Ykpaina, e-mail: brei@ubkr.net

B xpoHOJIOTIYHOMY TIOPSIIKY OIMCAHO PE3YNIBTaTH JOCTIHKEHD BiIIUTYy TETEPOTeHHOTO KUCIOTHO-OCHOBHOTO
karanmizy ICIIE HAHY B 2003-2023 pokax. BoHM CTOCYIOTBCS CHHTE3y, BUBYCHHS Ta 3aCTOCYBaHHS TBEpPAUX
cynepkucior (Ho <-12) WO3/ZrO,, WO3/Zr0»-Si0s, Zr0»-Si0»-AL03, Zr0»-Si0,-Sn0», sk Katami3zaropis, 30KpeMa B
KPEeKIHTYy BaKyyMHOTO Ta30WII0, PEakIisx aJKiTyBaHHA 1300yTaHy 1300yTaHOJOM, allMIyBaHHS TOIYOIY,
oniroMepu3aiii - TeTporiipodypaHy, amMIIOBaHHS METHII-TPETOyTHIOBOTO erepy. PoOoTH QyHAaMeHTansHOro
XapakTepy CTOCYIOTHCSl BCTAHOBIICHHS KOPEJALIM MK CHJIOIO KHCIOTHMX LEHTPIB Karamizaropa i ioro akTMBHOCTI,
30Kpema, B peakiii nmerimparamii C,-Cs cnmpriB, Ta MOIIYKY KOPENAIIA MiX 3[aTHICTIO MEPBHHHUX 1 BTOPHHHHX
CITHPTIB JI0 JIETiipyBaHHs Ta OKMCHEHHS i iX XimMiuammu 3cyBamu & (R'’OH) ta § (R"*COH). Briepmre Gymo BEMipsHO
3Ha4ueHHs QyHKii kucnoTHocTi ['amMmera 3a mipsumenux (1o 200 °C) Temrieparyp [Uis psioy TBEPIUX KUCIIOT. 30KpeMa
anst H-Y doxasuty, Ho nocsirae cynepkucnotaux 3HadeHs npu 160 °C.

3 2010 poxy OCHOBHA yBara NPHIUIAETHCA KaTAMITHYHIA KOHBEpCii BiIHOBIIOBAJILHOI CHPOBUHH,
nepeBaxHo OiocnuptiB (eraHon, riinepuH) Ta Cs BYINICBOAIB, B TakKi NMPOAYKTH OPTaHIYHOTO CHHTE3Y, SIK
eTwnanerar, 1,1 gieTokcueraH, H-OyTaHOJ, MPOMUICHIIIKONb, AIKUT JIAKTaTH, JakTua, riikomia. CroinsHo 3 TOB
«Bupobnnua rpyma TexincepBic» po3poOneHO HOBI mpouecu ofep)kaHHsS eTumaunerary, 1,1 mierokcuerany, H-
OyTaHOIy 3 0i0€TaHOIY Ta PalEMIYHOTO JAKTUAY 3 TIIICPUHY, a TAKOXX PO3POOJIEHO HOBI TEXHOJOTII OfepKaHHs
MPOIIiJIEeH OKCUAY 3 TporiieHy Ta nepokcuny BoaHio (HPPOa-mporec); mapo ¢asnoro rizpysanHs mipomizHOi Ca.s
¢pakuii; OpsSMOro BHCOKO-TEMIIEPATYPHOTO XJIOPYBaHHA €TWJIEHY 1O BiHIN Xxjopuny g Kamycekoro
«Kapmaraadroxim». HPPOa ycranosky (2000 1/pik) Oyimo 3amymeno Ha «KapnaraadToximi» B 2020 porri.

Knrouoei croea: reTeporeHHUN KaTai3, TBEpAl KUCIOTH, 0i0CTaHOIN, IIIIEPUH, alKUT JIAKTATH, JIAKTHI,
MIPOTIiIEH OKCH]I, Oy TaHOI

JlocnipkeHHsT B HAINpPSIMKY TeTEPOr€HHOT0 KHCIOTHO-OCHOBHOTO Karajizy po3Moyalaucs B
InctutyTi copOuii Ta npobaem ennoexornorii HAH VYkpainu 3 2003 poky. Toai no Inctutyty nepeitmia
rpyna HaykoBIiB 3 [HcTuTyTy Ximii moBepxHi HAH Vkpainu, 1 Oysi0 CTBOpEHO BiJJlJI F€TEPOTeHHOTO
KHCIIOTHOTO-OCHOBHOTO KaTtami3y, sikuil odonuB aA.Xx.H. B.B. bpeii. Ha Toii wac B IHCcTUTYTI Bke
IpaloBala JOCUTh MOTYyXXHAa Ipyna KaTaJliTUKIB Ha 4o 3 ujeH-kopecnoHaeHtoM HAH VYkpainu
B.M. BraceHkoM —  3aCHOBHUKOM  HaIpsIMy  «EKOJOTIYHMM  KaTtaii3» Ta  Hpodecopom
B.O. 3axxuranoBum, sikuil 3aiiMaBcsi NEPEBAXKHO OKUCITIOBAIBHUM KaTali30M.

TeMaTu4yHO, B XpOHOJIOTIYHOMY MOPSJKY, Hamli 20-piuHi pe3yiabTaTd MO KUCIOTHO-OCHOBHOMY
KaTalli3y MOXHA NPEACTaBUTH TaKUM YHHOM: TBEpIl CYNEPKUCIOTH; KOpessLii KHCIOTHOCTI 1
AKTUBHOCTI OKCHIIB, KaTaJIiTU4YHI MEPETBOPEHHsS O10CMUPTIB Ta BYIIIEBOIIB; pO3pOOKa MPOMUCIOBHX
KaTaJliTHUHUX nporeciB. Cria ckazaTH, 110 3aCHOBHHMK IHCTHTYTy 1 Horo mepmuii nupekrop B 1991-
2017 pokax akagemik HAH VYkpainu B.B. Ctpenko 3pa3y A00po3HUIMBO NOCTAaBUBCS 10 TEMATUKU
CTBOPEHOTO BIJALTY 1 MOCTIHHO LIKaBUBCS pe3yabTaTaMu Horo poOoTH.

Cynepxkuciomu
CnouyaTKy OCHOBHa YyBara MNpHUAULUIACh CHHTE3Y Ta TECTYBAaHHIO CYNEPKHCIOTHOIO
BOJIb()PAMATBMICHOT'O AI0KCUAY LUPKOHit0. CIlij BIAMITUTH OpUTiHAIBHUN NOJIIMEp-TEMIUIATHUH crioci0
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onmepxaHHs cymnepkucinotHoro WO3/ZrO2 (Ho>-14.52; W :Zr=1:8,ar.) 3 3acToCyBaHHIM
TOJIiBiHIJIOBOrO CIIUPTY, LIO J03BOJIsE 30€piraTd BUCOKY IMUTOMY TIOBEPXHIO 3paskiB y 150 M%/r micns ix
kaneiuHyBadHs pu 700-750 °C (O.B. Menexuk, C.B. [Ipyniyc) [1-5]. Takuit WO3/ZrO2 karamizatop
BUSIBUBCS €(DEKTUBHUM B PEAKIIAX TiapoizomMepusalii #-rekcany 3a temreparyp 230-250 °C/3.0MIla ta
napodazsoro HiTpyBaHHs Ocn3omy mnpu 170 °C [6-7]. Takox BIiH BUSBHUBCS NPUIATHUM IS
pinrHO(Ma3HOTO OCH30II0BAHHS aHI30JTy 1 Toyosy OceH3oHMM aHTigpumoM mipu 110-140 °C [8], Ta ms
oniromepu3aiii Terparigpodpypany npu 60 °C 1o ameraTy MOJITETPAMETHIEHOKCHIY, SK THYYKOTO
CerMeHTy B Todjii3onmaHatHux momiMepax [9-10]. OueBuaHo, #HOro MOXHA 3acTOCYBaTH IS
3HemKo/pkeHHs: NOX ra3iB B IPUCYTHOCTI aMiaKy 3a BUCOKHX TEMIepaTyp.

BaxmuBrM eTaroM BUSBUBCSI 30J1b-T€JIb CHHTE3 3MIIIAHOTO OKCUTY IUPKOHIFO 1 KpeMHito Zr02-Si0:2
(Zr:Si=1:2, ar.) 3 Bucokoro kucnortHictio (Ho>-11.35) [11]. 3okpema, Ha 1Oro OCHOBI OyJIO OAEpPIKaHO
cynepkucnotauii WO3/Zr02-SiO2 okeuj 3 TMToMOR0 HosepxHero 250 M7/r [12].

PesynbraTi 1m0 CHHTE3y Ta MJOCHIHKEHHIO CYNEPKHCIOTHHUX OKCHIIB Ha oOcHOBI ZrO2 3
3anpornoHoBaHo0 0y10Bo0 iX JItoicoBux (L) KHCIOTHUX LIEHTPIB y3aranbHeHO B orusiai [13].

Bucokokucnorauit  ZrO2-SiO2 okcup Oyyno yCHINMIHO 3aCTOCOBAHO HAaMM ISl alKUTyBaHHS
1300yTany i300yTanomom (210 °C/1.1 MIla) mis ozxepkaHHsS BHCOKOOKTaHOBHUX Cs BYTJICBOJIOPOIIB
[14-17] Ta xpekiary BakyyMHoro ra3oimo [18-20]. OctaHHIi BITHOCUTBCS JIO KPYITHOTOXXAHUX CBITOBHUX
npoleciB 3 MIOPiYHOI0 HepepoOKkoro Ha piBHI 10° T rasoiimo B OeH3MH Ta AU3eIbHE ManuBO. Tomy
I ABUINEHHS] BUXOy KPEKiHr-OeH3WHY HaBiTh Ha 1-3 % mae 3HauHMil ekoHOMIuHMN edekT. TpaauitiiiHo
3aCTOCOBYIOTh ~ QJIFOMOCHIIIKATHI ~ KaTalli3aTopu KpeKiHry. Mwu  po3poOMiIM  IHUPKOHIH-CHITIKaTHUI
KaTaJi3aTop Ha OCHOBI KOHIEHTpary nupkoHa ZrSiOs 3 BiTYM3HSHOTO ManuiieBcbkoro poaosuiia [19],
AKUN TpoayKye Ha 5-6 % Oinble OeH3MHY, HDK MPOMHCIOBHMA KatanizaTtop Petromax 50, 3aBasiku ioro
OuThII BUCOKIH kucinoTHOCTI (Tabm. 1, [20]) (C.B. Ipyxiye, O.1. Inpmuaa, K.M. X0MeHKO).

Ta6muus 1. Effect of catalyst on gas oil cracking at 500 °C and WHSV =4 h'' [20]

cautyst | (B | o || o |00 S | e
Zrs0Siso 1.0 8.2 68.9 14.5 7.8 46.6 31.1
Zr33Sie7 1.7 -11.35 69.3 10.3 8.0 51.0 30.7
Zr25Si7s 1.5 8.2 64.9 14.4 4.6 45.9 35.1
Zr20Siso 1.4 8.2 63.5 10.2 5.2 48.1 36.5
Zrs50Siso-Z"" 0.7 8.2 64.5 11.6 5.9 47.0 35.5
Zr33Sig-Z" 1.4 -11.35 66.2 12.1 7.7 46.4 33.8
Zr35Sis: Al 1.4 -14.52 65.1 10.1 8.5 46.5 34.9
Z124SinAly 1.3 -13.16 69.6 16.5 6.2 46.9 30.4
Zr36Sis3Aly -2 1.2 -13.16 69.9 12.4 9.2 483 30.1
[ACH** 0.7 8.2 57.9 13.8 4.1 40.0 42.1

*X =100 % - residual gasoil, %
**samples prepared from zircon
***industrial aluminosilicate catalyst

3aciIyroBye Ha yBary TakoX 3aCTOCYBaHHS BUCOKOKHCIOTHOTO Zr02-Si02 kataizaTopa B TaKUX
B HE3BMYAWHMUX PEAKISAX SK alMIIOBaHHA METHI-TpeTOyTuinoBoro erepy (MTBE) aneranrinpuaom mo
TpeT-OyTunaneraTy Ta Metuianeraty [21], mepeerepikanis MTBE 3 etanonoM 10 eTuin-TpeT0y THIOBOTO
etepa [22] Ta mepearetam3zaiis 1,1-aieTrokcuerany 3 H-OyTanoiaom [23].
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[TizHime, B 2015 poui My MOBEpHYIHUCS IO CHHTE3Y TBEPAUX KHCIOT Ha OCHOBI OiHapHOTO Z1rO:2-
SiO2 okcumy. Byno 3Haiimeno, mo mpu momyBaHHI ZrO2-SiO2 ioHamMu amOMiHIIO Ta OJOBa cHja
KHCIOTHUX HEHTpPiB moTpidHuX Zr02-Si02-Al203 ta ZrO2-Si02-SnO2 OKCHIIB MiIBUIIYETHCS HA TPU
nopsaaku 10 Ho>-14.52 [24-28]. [lokazaHo, 110 KOHLEHTpALIHE I0JI€ YTBOPEHHS CYNEPKUCIOTHUX
LIEHTPiB O0OMEKyeThcs BMICTOM KaTioHiB 12 <Zr*'<39, 48<Si*" <72, 3<AIP"<3l, ar. % Ta
10 < Zr** <35, 50 < Si*" <53, 5<Sn*" < 40, ar. %) [25, 26]. JocHoifKeHHs IUX MOTPIHUX OKCH/IIB
metonamu 14, Y®-vis, (oTo-eIeKTpOHHOI cHekTpockomii Ta TeepmoTimbHoro Al*’, 2°Si, !''"Sn SIMP
Z03BOJISIE CKa3aTH, IO iX CYMEPKHUCIOTHICTH OOYMOBIIEHA YTBOPEHHSIM KOOPIWHAIIHHO-HEHACHYCHHUX

10HIB IUPKOHIIO SIK CHJIbHUX KHCIIOTHUX LIEHTpIB JIptoica:

/ /O\NSn o)
_/SI O /SIOO/ZF —;Zr%:£o78i(f>4r
o) o) o) =0 z
0 0 o =
_Sff\_vgs*’_/{\_«A,/_ L2,
So— 1 2 —7S|—O/—Zr—0—/S|—
o) 0/z o = yo y 0
Y ./ % /
—Zr—0—Si—0=Si—— —2Z2r—0—Si=—0—S8i~——

Mopeni cynepkucioTHuX L-IIeHTpiB Ha TMOBEpXHi non_)iﬁHHx Zr0>-Si02-AL0Os ta ZrO>-Si02—-Sn0Oz2
oKcHIiB [28]

Cynepkucnotauii ZrO2-Si02-Al203 edekTHBHO KaTaji3ye OliroMepusalilo TerpariipodypaHy B
MIPUCYTHOCTI OLITOBOTO aHriipumy 3 68 % BuxonoMm arerary nomiterpameruieHokeuay npu 40 °C [24], a
Zr02-S102-SnO2 — amwnyBaHHS Toilyoly ourtoBuM asrigpugom npu 150 °C 3 mpakrtuuno 100 %
CEJIGKTUBHICTIO TIO0 p-MeTwinarnerodeHony [27]. 3Bakawounm Ha JOCTYIHICTh BHUXIJHHX PEarcHTIB
(TeTpaeTOKCHUCHIIaH, OKCUXJIOpH ab0 OKCHHITpaT IMPKOHIt0, xjopuna ojnosa (IV), HiTpar amoMiHiio), Ta
BITHOCHY TIPOCTOTY 30JIb-T€JIb CHHTE3Y, BKa3aHi MOTPIiHI OKCHIM MArOTh MEPCHEKTHBY YIS MPAKTUIHOTO
3aCTOCYBaHHS.

Kopenauii kucnomuicmop-akmuenicms okcuoie

B 2003-2009 pokax Oyn0 BHKOHAHO UIHKJI PoOIT (PyHIAMEHTATBLHOTO XapakTepy 00
BCTAHOBJICHHIO KOPEJIAIINA MK CHJIOIO KUCIOTHUX IIEHTPIB KaTajaizaropa i Horo akTUBHOCTI B TECTOBHX
peakmisx KpekiHry kymouny, aeriapatarii C2-C4 couptiB, Tpancdopmaiii 2-MeTui-3-0yTHH-2-o0J1a
[29-33]. OcHOBOO JIs1 BCTAHOBJICHHS IIUX KOPEJALIN cTajo O6araTopiuHe BUKOPUCTAHHS J1eCOPOIHHOT
Mac-CIeKTPOMETpii IS JOCIIIKEHHSI aKTUBHUX IIEHTPIB IMOBEPXHI OKCHIIIB 3 3aCTOCYBAHHSIM METOMIY
tepmonporpamoBaHnoi peakiii (TTIP crnektpu) abo necop6uii (TIIJ] cexTpu). Byno BcranoBieHo, 1o
MIPU 3HWKEHHI CHJIM KUCJIOTHUX 1EeHTpiB Bix Ho =-16.0 mist cynmepkucioTHOTO S04*/Zr02 mo Ho=-3.0
(asrroMOaepocuiI) TeMIeparypa MaKCUMajbHOI IIBHAKOCTI AECTPYKIii aacopOOBaHOTO KyMOJy Ha
nporiyieH 1 6en3on migsumryethes Bix 90 mo 300 °C, 1 coctepiraeThes JiHIMHA 3a7IeXHICT, MK Ho 1
EHEePTicr0 aKTUBaIIii i€l peakiii [29].

TIIP cnextpu aeriapatauii amidarnyaux Cz2-Cs cnuptiB Ha H-B neoniti 1 WO3/ZrO2 nokasanu,
[0 MaKCUMyMH IIBHAKOCTI YTBOPEHHS BIAMOBIAHUX ojediHiB 3cyBatoThes Big 100 mo 220 °C B
HaCTyITHOMY TOpSKY 2-OyTaHou < i-pomnaHod < i-0yTaHoi < H-OyTaHous < H-ponaHoJ < eTaHou. Taka
3IaTHICTh CIIUPTIB JO JAETiapaTallii KOpeIroe 3 iX CIOPiTHEHICTIO 10 poToHy PA. Uum Buie 3HaYeHHS
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PA, Tum HIK4Ya Temreparypa Jerigparalii CupTy i, BiAOBIAHO, eHepris akTuBalii miei peakuii Ea
(x/Ix/momb) = 569 — 0.6 PA [30].

0 50 100 150 200 T,°C
Puc. 1. Temperature dependence of optical density of absorption bands for protonated indicator forms

on the HY surface: 1 - anthraquinon (370 nm); 2 - p-nitrotoluene (375 nm); 3 - 1-chlor-3-nitrobenzene
(360 nm); 4 - 1,3,5-trichlorbenzene (360 nm) [34]

OaHuM 3 Ba)JIMBMX HAIIUX JOCATHEHb MOXKHAa BBaKaTH BHMIPIOBAHHSA 3Ha4eHb (YHKIIT
kucioTHOCTI ["'ammera Ho aiis okcumiB 3a miaBumeHux temmepatyp [34-36] (J1.B. Illictka). Jlns mporo
peecTpyBasid €JeKTpoHHI Y®-Buja crekTpu audy3HOro BiaouWTTs, Hampukian, HY-doxasury c
a7copOOBaHUMHU TaMMETOBCHKUMH 1HIMKATOpaMHu B iana3oHi 250-710 HM 3 BUKOPUCTAHHSIM BaKyyMHO1
KBapIioBoi KIOBETH 3 OO0IrpiBoM TabneTku neomity. Lle mamo 3Mory 3apeecTpyBaTH CHEKTPH TMpHU
MMOCTYTIOBOMY MIABHUIIICHHI TEMIIEPAaTypH 3pa3ka. 3aJIeKHOCTI 3MIHM ONTHYHOI TYCTHHH, HANPUKIIAI,
nporoHoBanoi popmu 1,3,5-tpuxnop6enzony (pKa=-16.1) mpu 360 HM Big TemmepaTypu B iHTEpBai
20-230 °C panu 3Mory Bmepiue BuzHauuTH 3HaueHHs Ho mms H-Y 3a migBuineHux Ttemmeparyp.
Konnenrtpaniss mnpoTtoHoBaHMX (GOpPM 1HAMKATOPIB 3OLIBIIYIOTHCS B TEMIEpaTypud IO 3aKOHY
[BH'] ~ exp (-AHR/RT), nme AHrR>0 eHTanbIis €HIOTEPMIYHOTO MPOLECY IIEPEHOCY MPOTOHA
SH+B < S +BH" (puc. 1). Cuna kucioraux ueHtpiB H-¢poxkasury miHIHO MiABUIYIOTECS 3
temnepatypoio Ho=-(3.9 + 0.06 T) i nocsirae cynepkucinotaux 3Hadenb Ho < -16 mpu T > 200 °C [34]
(puc. 2), 10 JOCTaTHHO I IPOTOHYBAHHS, HAIIPUKIIA, alleTaHT1IPUIY.

JliniiiHa 3anexHicte Ho Bim T o3Hadae, mo BipTyasJbHa aKTUBHICTH NPOTOHIB SH-1eHTpiB
eKCIIOHEHIIIAJIbHO 3pOCTAE 3 MiABUILCHHAM TeMIIEpaTypH, OCKUIbKH 32 BU3HAYCHHAM
Ho=-lg (an'fs/fen’) = pKsnu" - Ig[BH+]/[B].

[Ti3Hime 3a i€ METOAUKO0 OyJia BUMIpsSHA KUCIOTHICTE 3MimaHoro Zr02-Si0O2 3a miABHIIEHUX
temnepatyp (HO <—14.5 npu T > 85 °C) [35] ta ocHoBHicTh La203 — ZrO2 okcunis [36].

Briepie Oyno BBeeHO MOHATTS (pyHKIIT ocHOBHOCTI H- TBepaoro Tina, Tak sk 1 KUcaIoTHOCTI Hos
JUIS TIEHTPiB Ha ToBepxHI okcuuiB [31], xoua 3anmpononoBaHo Onm3bko 400 QyHKIINH KHCIOTHOCTI.
Busnauenns Ho s HY ta WO3/ZrO2 3a miBUIIEHUX TEMIEpaTyp AO3BOJIMIIO 3HAWTH «IIPaBHIIBHY»
KOPEJISIiI0 MDK pIBHOBOKHOIO Ta KIHETMYHOIO KHUCIOTHICTIO IIMX KaTaji3aTopiB B peakiii
ne3ankinyBanHs kymony lg k =const - o Ho 3 6nu3ekum g0 1 3nauennsm o = 0.8, ne k — koHCTaHTa
mBuakocTi peakuii mpu 130 ta 200 °C [32].

[Tiznime B 2016-2019 pokax Oyso 3HaiA€HO KOPUCHI JIIHIMHI KOPENAIii MK €HeprisiMU aKTHUBALIil
(TemmepaTypamu) [eripyBaHHS CHUPTIB HA MiZHOMY Kartamizaropi i ximiunum 3cysoM & (ROH) [37] ta
TeMIiepaTypaMy OKHCHEHHs CIIMPTIB Ha Lepiii-OKCHIHOMY KaTamizaTopi i XiMiuaumu scysamu & (RPCOH)
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[38]. OcHOBOIO 1MX KoOpewswiii cramu mac-ciektpoMerpudni TTIP mpodini nmeriapyBaHHS TEpBUHHUX 1
BTOpUHHKX crupTiB Ha Cu/ZnO-ZrO2-Al203 kaTanizaTopi Ta JiTepaTypHi AaHi MIO0 XIMIYHHUX 3CYBIB IIUX
crupTiB Ha siapax 'O ta Bignosigso TIIP ciektpu okucHenHs mux crmptis Ha CeO2/ A3 katanizatopi i
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Puc. 2. Ho values for B-sites of HY at different temperatures [34]

niTepaTypHi XiMiuHi 3cyBM crmpTiB Ha sapax °C. 30kpeMa, TOKa3aHO, IO 3JaTHICTh CHHPTIB O
JETIAPYBaHHA 3 YTBOPEHHSM BIAMOBIIHUX aIbICTiAIB 1 KeToHIB B iHTepBasmi 110-210 °C 3HMWKYy€EThCS B
nopsaky  1-denineranon > 2-0yTaHON > MUKIOT€KCAHOI > 1-IPOIAHOJI > METOKCUTIPOIIaHO-2 > H-OyTaHo >
€TaHoj > 1-OyTaHON > H-TIPOTNAHOJ] >> TeTpariapodypdy-piwioBuii cnupT. B TakoMy K TOPSAKY
sMeHnIyiotcsi 3HaueHHs o (R'7OH) Bin 42.6Mu. mua  l-¢enineramomy gm0 -114mu. g
Tetpariapodypdypoiny, Mo BifoOpajkae MiJBUIIEHHS €IeKTPOHHOI I'ycTHHM Ha atomax ''O. To6To, unm
MEHIIIa eJIEKTPOHHA TYCTMHA Ha aToMax KHCHIO MOJIEKYJM CIHUPTY, TIM JIeTIIe BiH JETIAPYEThCS Ha
MeTaniyHiil Migi. 3ampornoHOBAHMIA MEXaHi3M JeTipyBaHHS CIHPTIB Ha KiacTepax Mmetamiunoi mimi Cu’
nependayae oOMiH aromy BogHI0 OH-rpymnu Ha €eKTPOH 3 30HU MPOBITHOCTI Mi/Ii, JaJll aTOM BOJHIO aTaKye
3’5130k H- Cp 3 BuauieHHsM Hz 1 yTBOpeHHSIM mepexiHOi CTPYKTYpH 3 HE CHapeHuM enekTpoHoM Ha Cp
atoMmi. [IoTiM KUCEHb BiJIa€ «IMO3WYCHUI» €JICKTPOH Mil 3 YTBOPEHHSM alleTaIbICTiAy BIAMOBITHO 0
HaBejaeHoi cxemu [37]:

H
'r ;
CH . H==C—H f |_H CHs
L cH, M H=xC—H CH
. _CHy s | — 1
H-20 T o) o}
CHNCY o
- ﬂ
e e
CuO

[Tpu oxkucHeHHi cnupTiB HAa HaHeceHoMy CeO2/Al203 kaTanizaTopi 10 BIAMOBIAHUX AlbIETiIB i
keroHiB B iHTepBasi 130-280 °C cmocTepiraeTbcst HaCTYNMHUN MOPAIOK MO iX peakuiiiHii 31aTHOCTI:
1-¢enineraHon = TiIPOKCHUAIETOH ~ IUKJIOI€KCAHON > allIOBUH cnupT = 2-OyTaHon = i-OyTaHonm =
1-[IPOTIAHOJT > METOKCHUIIPONAHOI-2 =~ H-IPONAHOJ ~ H-OyTaHOJ ~ OCH3UJIOBUI CIIUPT =~ €TaHOJI >> METaHOI
[38]. Enepris axTuBamii peakiii OKUCHEHHs CIIUPTY JiHIMHO 3HIWKYeThcs Ea (k/Dx/Monp) = 183 - 1.4 & no
Mipi migBuienss 3Hadedb S(R'?COH) Big 50 m.u. ana mertanony no 70 mu. ana 1-denineranony.
Tob6to, unM MeHIIa eneKTpOHHA TyCTHHA Ha aTtoMi Byriemio 3 OH rpymoro, TUM JIeriie OKUCIIOETHCS
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crimpt. Lli xopersii MoxxyTh OyTH KOPHCHUMH ISl OIIIHKH 34aTHOCTI MIEPBUHHUX 1 BTOPHHHUX CIIAPTIB

710 JIeTiApyBaHHs Ta OKUCHEHHS.

Komnegepcia diocnupmie i gyznesooie

B HOBOMY THUCSUOMITTI OJIHIEIO 3 HAMBAXIMBIIIUX 3aBJIaHb KaTajidy CJiJ] BBAXKAaTH PO3POOKY
MIPOLIECiB NEPEPOOKH IMOHOBIIOBAJILHOI CHUPOBHMHM B MPOAYKTH IIUPOKOIO BUKOPHUCTaHHS, SIKI 3apa3s
BUPOOJISIIOTH HA OCHOB1 BUKOIHOI CUPOBUHH, MEPEBaXHO HAPTH Ta razy. JlOLUIBHICTh TaKOl 3aMiHU €
LIJIKOM 3pO3yMUIOI0, OCKUIBKH 3a peakiielo (OTOCHMHTE3a Ha Halllli IUIAHETI IIOPIYHO MPOIYKY€EThCA
~10'"' v Giomacu, B TOMy uMCli Ha KyJIbTHBOBaHUX 3eMIsX ~ 10°T, mo HpuOIM3HO [OpPIBHIOE
CyMapHOMY ILOpIYHOMY BUAOOYTKYy Byruuis, Hadtu Ta rasy [JI.d. Kosun, C.B. BonkoB Bogoponnas
enepreruka. KuiB, HaykoBa mymxka, 2002, 335 c., c. 180]. B mamriii kpaini Ha Ba)JIMBOCTI I[bOTO
HampsiMy HarosonryBas, 30kpema akaaemik B.II. Kyxap, sxuit B 2007 poui omyOnikyBaB I'pyHTOBHUMN
OIJIsI/T IOA0 MOTEHLINHOro 3acTOCYBaHHs OlopecypciB B mpomucioBii opraniuHiil ximii [B.I1. Kyxap
Biopecypcu — moTeHIiiiHa CHpOBHHA ISl IPOMHUCIIOBOTO OpraHiyHOro cuHTe3y. Karamiz Ta HadToximis,
2007, Ne 15, 1-15].

Hami nocnimkeHHs B 1boMy HampsiMy posnodanucs B 2007 poui 3 «MOJHOTO» Ta TOM dYac
0ioaM3ento, KOHKPETHO, 3 €TaHOJII3Y PIMaKoBOi OJIii Ha KMCIOTHUX Ta OCHOBHUX OKcuaax [39-42]. Bymo
MIPOTECTOBAHO JOCUTH MIUPOKUN HAOIp SIK KUCIOTHUX, Bij cymepkuciotHoro WO3/ZrO2 1o KpeMHe3eMy
3 mpumemwienumMu -SO3H rpymamu, Tak 1 ocHOBHMX okcuiaiB. [Ipote cmiag Bu3HATH, IO TBEP/Il
KaTajgi3aTopu 3apa3 HE BHUTPUMYIOTb KOHKYPEHIII 3 METHJIAaTOM HaTpilo, SKUM 1 3aCTOCOBYIOTh
NEepeBaXHO B BHPOOHHMUTBI Oiogmsento. Takok 3apa3 B IMPOMHUCIOBOCTI IMOYaIM 3aCTOCOBYBATH
TiipyBaHHs POCIMHHUX OJIIN /7Sl OAep KaHHS «OE3KUCHEBOT0» O1013ers.

binpin 1ikaBUM BUSBUBCS TIIIIEPOJI3 PIMakoBOi Oii 3 OJep)KaHHAM OiMbII IIHHUX IU- Ta
MOHOTJIIIEPHUIIB, SKi 3aCTOCOBYIOTh B Xap4OBili MPOMHUCIIOBOCTI Ta KocMeTuIli. Ha ocHOBI mociimKkeHHs
TIEeposizy pimakoBoi oJii 3 3aCTOCYBAaHHSAM NPOTOYHOTO PEAKTOPY 31 CTAliOHAPHUM IApOM
Katarizatopa [43-45], Oyn0 3amponoHOBaHO CIOCIO OJepKaHHS IIUX PEUOBHH HAa OCHOBHOMY MgO-ZrO:
karanizaropi npu 160-180 °C (C.I. JIeBuupka).

bioemanon

BaxnuBoio Ui Hac BUSBWIIACS PEakKIlist JAETiAPYyBaHHS €TAHONIY 3 YTBOPEHHSM ETHJIALeTaTy
2C2HsOH=CH3COOC:Hs + 2H2 na GidyskmionansHomy Cu-ZnO-ZrO2-Al203 karamizaropi [46]. 3 Hei, B
2011 pomi posnoyanacs Hamia Il {Ha CHIBIpals 3 TPOBITHOIO BITYM3HIHOIO IHKUHIPUHIOBOIO KOMIIAHIEI0
TOB «Bupobunua rpyna Texincepsic» 1o po3poO1ii mporeciB KoHBepcii OioeTanonmy B erunarnerar, 1,1-
TIeTOKCUETaH sIK 100aBKM TO MOTOPHHX MMaJIMB, Ta H-OyTaHou. Li pe3ynbratu y3aransHeHo B ctarTi [47].
3o0kpeMa, 3a miATpUMKH TexiHcepBic B HamoMy [HCTUTYTI Oyno 3aIylIeHO TOCTITHY YCTaHOBKY, SIKa
po3paxoBaHa Ha mepepoOky 10 kxr eranomy 3a roguny npu 230-270 °C mig TuckoM a0 5 Gap 3
3actocyBaHHsM 5-10 kr TabneroBaHoro katamizatopa (puc. 3) (M.€. llapanga, A.M. Munin).

Ha wiff ycranoBui Oyno ojep)aHO BHXIAHI JaHi AN pO3pOOKH TPhOX HOBUX KOMEPIIHHHX
TEXHONIOTiH, 3 O(OpPMJIECHHSM  BIAMOBIAHMX  TNATEHTIB, JUIsI  BHPOOHHIITBA  ETHJIAIETATY,
1,1-gieTokcuerany abo w-OytaHoiy 3 mepepoOkoro 20 Tuc. T 6ioeTaHoNy/pik B KOXHOMY mporueci. Jlo
peui, 6ioeranoun, 3rigHo BiTunsHsHOro crangapty JACTY 7166:2010, Bu3Ha4aeThCs K CIUPT €TUIOBUIN
3HEBOJIHEHHM, BHUTOTOBIICHHH 31 CIUPTY ETUIIOBOTO-CHUPLIO JJs BUKOPUCTaHHA sK OlomanuBo. Bin

neHarypyetbes ~1 % nobaBkoio OCH3UHY.
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OCHOBOIO HaBEJICHUX TMPOLECIB € peakKilis ACTiAPYBaHHS CHOUPTY HAa METaNuHId Mini
Karanizaropa, ska peanizyerscs mpu 220-240 °C ta HajymmkoMy THUCKY Bif 0.5 Oap y pasi ogepskaHHS
1,1 mierokcuerany, mo 3-5 6ap misg cuHTE3y ermiarerary abo OyTaHoiy. B 3ajexHOCTI BiJ CKIIamy
KaTai3aTopa, YTBOPCHHI aleTalbJerii KOHICHCYEThCS 3a peakiicro THUIEHKa B eTHIAleTaT Ha
KUCJIOTHUX L-11eHTpax abo B pe3yJibTarTi ajbJ0JbHOT KOHICHCAIIT HA OCHOBHUX IIEHTpPaX 3 MOJAJIbIINM
TipyBaHHSIM MIEPETBOPIOETHCS IEPEBAKHO B H-OyTaHoI. [Ipu 4oMy, 3aIIpONOHOBAaHUI HAMU KaTalli3aTop
cuHTe3y OyTaHOIy 3a0e3neuye IPOMHCIOBO MPUAATHY IPOIAYKTHBHICTD Y 2 r-M0Jib BUOH/Krar/TO.

Puc. 3. [locnmigna yctaHoBka 3 nepepoOku 6ioeranoiny B ICIIE HAHY [47]

Crnip 3rajaTv, O TMpH AOCHIHKEHHI KOHBEpCii €TaHoy B eTHJAIeTaT HEeCHOJiBaHO OyIo
3HaligeHo ymoBu oxaepkaHHs 20 % posuuHy onroBoi kucinotu [48]. Ile crae MoximBUM y pasi
nepepoOku 40 % BOJHOTO PO3YMHY €TaHONy. TakoX HaMHU I[IOKa3aHa MOXJIUBICTH OJIEpKaHHS
OytunOytuparty 3 #-Oyranony Ha Cu-Pd/ZnO-ZrO:2-Al203 karanuzatopi [49].

[leBHa yBara Oyina mpuiiieHa OJEPXaHHIO BYTJIEBOJHEBUX OCH3MHOBHX (ppakiii 3 eTaHoiy Ta
n-Oytanony Ha H-neomitax (ZSM-5, ZSM-11, H-L, H-Y) 3a migBumenux (300-400 °C) temneparyp
[50-51] Ta cuHTE3y aneTanei mpomiJeHIIIKOISI Ha KUCIOTHUX KaTaii3aTopax 3a MOMIpHUX TEMIIeparyp,
SIK TIOTEHIIIHHUX JO00aBOK 0 MOTOPHUX manuB [52-53].

I'niyepun

Hactynaum GiocmupToM, 3 SKUM MM IpauoBaid, OyB TiilepHH. 3apa3 TIILEPUH, 3aBISIKH
BUPOOHHUIITBY O10IU3EIII0, € TOCTYITHOIO 1 JICHICBOIO, OCOOIMBO CUPH «dopHUit» riitepud (~ $500/1),
CHPOBHMHOIO, SIKY BHUKOPHUCTOBYIOTb, 30KpeMa, Jii BHUPOOHHIITBA MPOIIJICHIVIIKONIO 3a PEaKIi€ro
C3HsOs3 + H2 = C3HsO2 + H20. Hamum 3ampomoHoBaHa [BOcTaiiiiHa cxema rigpyBanHs 30 mac. %
pO3UMHY TIILEpPHHY B eTaHoui 1o npomitenrmikomto Ha Cu/Al2Os karamizatopi [54-55]. Ha meprmiit
CTafil IIiLEePHUH MOBHICTIO JETiApaTy€eThCs A0 riapokcuaneTony npu 220°/0.1MIla B moTori iHepTHOTO
rasy 3 2.5 00. % IOMIIIKOIO BOJHIO, JJaJli MPOIYKTOBA CyMIIl MICHs cemapauii TipyeTbesi B APYTroMy
peakTopi Ha ToMy *k KaTtamizatopi npu 175 °C/1.2 MIla H2 3 89 % cenekTUBHICTIO IO MPOMLUIECHTIIIKOJIO.
Taka cxema J103BOJII€E 3MEHUIMTH BHUTPATH BOJHIO 1 OJEPXKYBaTH KOPUCHHUH KO-IIPOIYKT —
TiIPOKCHAIICTOH, SIKUIl MM 3aCTOCOBYBAJIM, 30KpeMa, Ui ecTepudikallii OITOBOI Ta aKpUIOBOI KUCIIOT 3

Catalysis and Petrochemistry, 2023, 34



38 Kamaniz ma nagpmoximisn, 2023, No34

YTBOPEHHSM aIleTOHIJAIETATy Ta BIAMOBITHO alleTOHUIAKPWIATY Ha cyibdokaTioHiti Dowex DR-2030
mpu 60 °C [56], abo mnst ogepKaHHS CYMIllli MypamIuHOI Ta OLTOBOI KHCJIOT B PE3yibTaTi HOTO
OKHCHEHHS MEPOKCUIOM BOAHIO [S7].

B 2012-2016 pokax Oysi0 BHKOHAHO IIMKJI POOIT MO TEPETBOPEHHIO TETPa-TiApodypHUIIOBOTO
cimpty (THFA) y §-Baneponakron Ta d-Basnepomakram Ha Cu/ZnO-Al2Os karamizaropi [58-61]. Sk
BIIOMO, TeTpariipoQypuiioBuil CHHUPT OAEPXKYIOTh TiapyBaHHAM (Qypdypory, sKkuii BHPOOISIOTH
BHKITIOYHO 3 O10CUPOBUHU Yepe3 JACTiapaTallito MeHTO3aHiB.

Hac 3armikaBuia Bigkputa P. ITaynmem B 1933 porti peakiis aerigpararii THFA na Al2O3 npu 300—
400 °C, sika cynpOBOJKYETHCS PO3LIMPEHHSAM LIUKIY 3 YTBOpPEHHsIM 2,3-murijgpornipany. Ilokazano, mo
PO3MIMpPEHHS] IHMKIYy TakoX BimOyBaeThcsi mpu aeriapyBanHi THFA 3a temmeparyp 270-280 °C 3
cenektuBHEM (710 90 %) yTBOpeHHSIM O-BajiepoiakToHy Ha Cu/ZnO-Al203 karamizatopi 3a MOXIIUBOIO
cxemoro [61]:

-H, +Hy
—_— % —_— -
O ~CH,OH :O: \C\H o \O 0 OH

N~—7

[le#t makTOH MOXXHA 3aCTOCOBYBATH [UIS OAEp)KaHHS Ol0JeCTpYKTyro4umx moiiectepiB. [Ipore,
OUTHIITMI 1HTEpEC CTAaHOBUTH O-BaJiepoJiaKTaM IS OJACP)KAaHHS IOJiaMia-5 Ha OCHOBI Qypdypodry.
30kpema, Taki TOJiaMigHI BOJOKHA aACOpOYIOTh MEHIIE BOJIOTM 1 TEHEPYITh MEHIIUH
eJIEKTPOCTATUYHHUN 3apsi/l HIK TMojiaMinHe-6 BOJOKHO, Sk BHPOOISIOTH 3 €-KampojakTamy. Tomy Mu
JTOCIIIWIN peakuio aMigyBaHHs O-BaseponakToHy CsHsO2 + NH3 = CsHoNO + H2O B nmortoui amiaky 1
BomHIO Ha pizHUX Cu-BMicHUX okcumax [59-61]. Cmix BiIMITUTH CKJIAJIHICTh TPOBEJACHHSIM TaKOTO
KaTaJiTHYHOTO EKCIIEPUMEHTY 3 aHali3oM NpoaykriB Mertogamu C SIMP i rasosoi xpomarorpadii
(A.M. Bapgapin). Ilokazano, mo 80 % cenexktuBHicTh 3a jakTamoM npu 80-90 % KoHBepcii JIaKTOHY
nocsraetbesi Ha  Cu/ZnO-AlO3 karamizaropi 3a Temmeparyp 260-280°C npu  MOJBHHX
cuiBBigHomeHHsXx NHs/makron = 5 ta Ho/makron = 18 [61].

Kamanimuunuii cunmes emuji- ma memus 1aKmamie HA OCHOGL 21iYePUHy ma MOHOUYKPIe

3 2012 poky Mu moyand 3aiiMaTHCs CHHTE30M €THJIIAKTaTy 3 JIUTIAPOKCHUALIETOHY. 3TOJIOM II€
TpaHCHOPMYBAIOCH B OJUH 3 MPIOPUTCTHUX HAIMPSIMIB HAIIIOTO BIJUIUTY TIO OJCPYKAHHIO aJIKUIIAKTATIB 3
OiocrupTiB Ta Ce-BYIVICBOMIB, K OCHOBU JUIsi BUPOOHMIITBA 3aTHUX 10 O10pPO3KIAMy TOJUIAKTHIIB.
Bcim mo0pe BioMe HarajabHY CBITOBY MPOOJieMy IOJO 3aMiHM CTa0UTBHHX, 30KpEeMa, MOTICTHICHOBUX
MakeTiB Ha 0101eCTPYKTYIOUi TaKyBaJIbHI MaTepialiu.

s meperBopenHst nurinapokcuanerony (JI'A) B ermmrakrar mo peakuii C3HeOs3 + C2HsOH =
CsH1003 + H20 mu 3amporionysanu amdorepanii TiO2-ZrO2 karamu3atop, Ha SKOMY OyJIO JTOCSTHYTO
89 % BUIXiJ IUILOBOTO MPOAYKTY NpH piauHO(da3Hiil KoHBepcii eTaHOIbHOTO po3unHy JII'A y BIZHOCHO
M’sikux ymoBax — temmeparypa 140 °C Tta tuck 1.0 MIla [62-63] (A.M. Munin). JII'A BupobnsitoTh
gyepe3 (pepMeHTaIlii0 JOCTYITHOTO TITIIEPHHY, TOMY MPAaKTUYHUH IHTEpEC CTAHOBIATH BH3HA4EHI B [64]
ONTHMAaJbHI YMOBH OJEp)KaHHS €THJIJIAKTaTy 1 MOJIOYHOI KHMCIOTHU IpU NepepoOll BOAHO-ETaHOIbHUX
posunHiB /I['A Ha IIbOMY KaTasizaTopi.

HactynHuM KpokoM OyB MONIyK CEJIEKTHUBHOIO KaTaii3aropa JUIsi KOHBEpCii €TaHOJbHUX
po3unHiB Trinepuny B etwwniakrtar C3HsOs + 1/202 + C2HsOH = CsH1003 + 2H20. HecrnoxiBano st
Hac, TAKMM BUSIBUBCS TIOKCHJ Iiepito, HaHeceHmid Ha Y-Al203 [65]. Ilpu mapodaznomy oxucuHeHHi 20 %
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pPO3UMHY TIIlEpUHY KHCHEM TOBITpS 3a Temneparyp 230-240°C/0.1 MIla Ta npu MOIBHOMY
cruiBBigHomenHi C3HsO3 : O2 =2 : 1 neit karamizarop 3adesneuye 80 % BHXIJ €THIUTAKTATY 32 CXEMOIO

/0 /O OH o)
o) 0
OH o OH Ao
—_—
O —_—
-H,0 -H,0 0o ’ OH
OH

HactynmHuM KpOKOM CTajio JOCHIHKEHHS MEPETBOPEHHSI (PPYKTO3M O €THJI- Ta METHUIUIAKTATIB

OH

OH

[66-69]. Byno 3maiineno cenektuBHUE SnO2—ZnO/Al2Os3 karamizarop, 3matauii 3abesmeuut 100 %
kouBepcito ppykro3u (4.8 % pozunmn B Meranoii) npu 180 °C 3 70 % BUXOJOM METHIUIAKTATy B
IIPOTOYHOMY PEXMMi IPU HABaHTaXeHHi Ha Kataiizatop 1.5 Mmons CeHi206/cM>kar/ron [68] (H.JL. Tec,
C.B. Ilpyniyc). Ilpum mpomy 1eil kaTanizaTop OACpKYyBaIM HMPOCTUM IPOCOYEHHSIM T'PaHyJIbOBAHOTO
y-Al203 BogauM po3urHOM SnCls Ta Zn(OAc)2 BiIMOBIAHOI KOHIIEHTpAIii. YTBOPSHHS METHIIIAKTATY

IVSn4+

3a0e3MeuyroTh 10HU , SIK KUCIIOTH1 L-11eHTpu, 32 HaBeAeHOI0 cXeMoto [68]:

OH O Vg 4+ (0] OH (o) w (o)
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Jami mocrano THWTaHHS KOHJAGHCAIll METWIIAKTAaTy 0 JIAKTUAY, SKHA € BHUXIIHUM IS
ofepkaHHs montaktuay, 3a peakuiero 2C4sHsOs = CeHsO4 + 2CH30H. BusiBunocs, mo 11 peakxiiiro
CEJICKTUBHO KaTami3ytoTh ciadki L-tientpu SnO2 Ta TiO2 okcumiB, sKi HAHECEHI Ha KUCIOTHUN HOCIH —
cumikarenb [70-73] (C.I. JleBunbka, A.M. BapBapin). Takoxx ocobnuBicTio 11i€i  mapoda3zHoi
BHCOKoTemneparypHoi (240-260 °C) peakmii € Mamuid dYac KOHTAKTy Tapy METWJUIAKTaTy 3
KaranizaropoM, MeHme 1 cek. [[ns iioro 3abe3meueHHs MOTPIOHO BUKOPHUCTOBYBATH BEIIMKUH TOTIK
inepTHOTO Ta3y (azory) V~4000 ron !, skumif moTpiGHO HarpiBaTH Ays TeMIepaTypH peakilii. ToMy Mu
3aMpONOHYBAJIA TPOBOJIUTH KOHJICHCAIII0 METUJUTAKTATY 3a 3HUKeHOoro TUCKY (100-150 mbap) [73]. [Ipu
IIOMY IIOTIK peareHTy 4uepe3 map Karajizaropa 3ade3redye repernaj TUCKY, SIKHH MO)KHa peryJIroBaTH,
3MIHIOIOYH TIPOMYCKHY 37aTHICTH (opHacocy. [lami mpoayKTH peakiii KOHACHCYIOTh 1 PO3IUISIOTH.
Taxum ynHOM OYI10 OZIep>kaHO O1THi TOPOIIIOK MOHOMEPHOTO JIAKTUTY, TOKa3aHUH Ha 3HIMKY.
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MOHOMEPHUM JTaKTH]]

[Tonmimepu3anito JIakTUAY 3MIMCHIOIOTH Tix BUCOKMM TUCKOM (~ 10 MIla) 3a migBumeHoi
temneparypu (~200 °C). OnpepkaHWil TOJUIAKTHA 3HAXOJUTHh HIMPOKE 3aCTOCYBAaHHS, MEPEBAXKHO, Y
BUPOOHMITBI OIOJECTPYKTYIOUMX IaKyBaJIbHUX MarepialliB, Tapw, IUTIBKM, IIOBHHX MarepiajiB B
MEIWIIHMHI, KOHCTpYKITiHOTO 3D 1actuka. [likaBuM € onepkaHHs CTIHKOI MONUTAKTHAHOT HUTKH, 3 SKOT
MOKHA TKATH, HAMPHUKIAJ, COPOYKH IO 33 BIACTUBOCTIMHU HAOIMKAIOTHCS 10 OABOBHU 4M JILOHY. B
2020 porti B cBiTi Oys10 BUpoOIeHO 295 THC. TOH NOMIIaKTUIY, a B 2025 polli MPOTHO3YETHCS 301TBIIICHHS
1o 475 tuc. ToH.

bazoBi BupoOHuku mnomimaktunay ¢ipmu Nature-Works, USA Tta Futero-Sulzer, Belgium
BUKOPUCTOBYIOTh B SIKOCTI BHXIJHOT CHPOBUHH JJIsi CHHTE3Y JIAKTUAY L-MOJOYHY KHCJIOTY, SIKY B CBOIO
yepry BUPOOJSAIOTH 3a TexHousoriero IlacTtepa 3 mykpoBoi cupoBuHH, 30Kpema, Futero-Sulzer — 3
ykpoBoi mynapu. Jlam OAepKyIOTh OJIrOMEpH MOJIOYHOI KHCIOTH, SIKI JeMOoJiIMEpHu3yTh JO
MOHOMEPHOTO JIAKTUY 32 T IBUIIICHUX TEMIIEPATyp.

Mu, cminmpro 3 TOB «BupoOGuunua rpyma TexiHcepic», 3amponoHyBasim B 2020 pori
MPUHITMTIOBO HOBY CXEMY BHPOOHHMIITBA PAIEMIYHOTO JIAKTHAY Ha OCHOBI JOCTYITHOTO 1 JIEIIEBOTO
rmnepuny [74-75]. Ilpomec BKIIOYae MBI OCHOBHI CTaaili — mapoda3He OKWCHEHHS TJIIEpUHY 3
METAaHOJIOM JI0 METHJIIAKTATy Ta Horo mapoda3Hy KOHACHCAINIO J0 JIAKTHIY 3 TOBEPHEHHSIM METaHOITY
B penukiI. PO3po0IeHO TEXHOJIOTIYHY CXEMY JIAKTHUIHOI YCTaHOBKH 3 mepepoOkoro 30 THC. TOH CHpPOTO
TTIEPUHY Ha PIK.

Tpeba ckazary, M0 MUKIIYHUN AIMEP TJIIKOJIEBOI KUCIOTH — TIIIKOJII TAaKOXK CIIIJI PO3IIISIAATH SIK
MEePCIEKTUBHUI MOHOMEp IS OJCp)KaHHA O10AeCTPYKTYIOUOTO TMOJIMIIKOMILY, SIKHA €, 30KpeMa,
MIIHIIIAM 32 TMOJUIaKTaT. TakoK MpH BHPOOHHIITBI IMONUIAKTATy Tpeba KOHTPOJIOBATH BMICT Pi3HHX
CTEPEOI30MEpPHUX JIAHOK. 30KpeMa, He OakaHUM € 3HAYHUN BMICT ME30-TIONUTaKTHAy. [Jikomia, Ha
BIIMIHY BiJl JJAKTU]Y, HE € XipaJIbHOIO CIIOJIYKOI0, TOMY TaKWX MUTaHb HE BUHUKAE. 3apa3 BUPOOHHUIITBO
MTOJTINTIKOJTITY JIIMITY€E TIO CyTl BIICYTHICTh NIPHIaTHOT BUXIIHOI CHPOBHUHU JJIsI OfICp>KaHHS TiiKoIiay. B
SIKOCT1 TaKoi CHPOBHHH MOXKHA PO3TIISIATH OararoTOHHaXHUU (~30 MIIH. T/piK) €THIICHIJIIKONb, SIKAWA
MOXKHA TIEpPepoOIIOBaTH 3a CXEMOIO ETHJICHIVIIKOJIb — METHIIIIIIKOJIAT — ko, B 2022 pomi Ham
Brajgocs 3HaiTH cenektuBHMK HaHeceHW CuO-CrOs/Al2O3 xaramizatop mo 3abesneuye 100 %
KOHBepcito eTrieHriKomo (20 % po3unH B metanoi) 3 80 % CeNeKTUBHICTIO 3a METHIIIIIKOJIATOM IpU

200-210°C [76,77]. Hamm 3aiiCHEHO TakoX KOHJICHCAIIII0O METUIVIIKOJIATy B DIIKOMII TpHU
270 °C/0.03 MI1a.
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Po3pooka kamanimuunux npoyecie ona TOB «Kapnamnagmoxim»

B Vkpaini, TOB «Kapnarnaproxim» y wmicti Kanym € mocuts moTy)XHUM HapTOXiMiYHUM
KOMOIHATOM 3 OCHOBHOIO MPOAYKIIEI — TIONIETWIICH, MOJIXJOPBIHII Ta KaycTudHa coxa. KomOinaT
BKJIFOYA€ TU'SITh 3aBOMIB — BHUPOOHHWITBO OJiepiHIB, TOTIETHIIEHY, MOHOMEPHOTO XJIOPBIHLIY,
noJiBiHUTXIIOpUAY Ta XJjopy, BomHio i 50 % NaOH uyepe3 memOpannuii enexrpomniz NaCl. OcHoBy
BUPOOHUIITBA CKJIamae BHUCOKoTeMieparypamii miponiz (700-800 °C) ByriaeBomHEBOI CHpPOBUHH,
MIEPEeBaXXKHO, JIETKUX OCH3MHOBHX (Dpaxiliif, 3 MPoayKyBaHHSIM ETHIICHY, a TAKOX MPOIiIEHY Ta OEH30ITy
SK TOBapHUX MPOAYKTiB. 30kpema, B 2020 pomi Oymo BupobiieHo 200 TuC. TOH eTriieHy Ta 88 THC. TOH
nponineHy. Ha BiaMiHy BijJ eTHIIEHY, KM TIOBHICTIO MEPEPOOITIOETHCS B MOMiBiHUIXIIOpUA (220 THC. T)
Ta moyieTwieH Bucokoro TyctmHH (100 THC. T), Bechb mpomisieH, SK 1 OEH30J7, EKCHOPTYEThCS B
€BpoTelchki Kpainn. ToMmy mocrano muTaHHS MIOAO mepepoOku mporiieHy Ha Kapnataadroximi B
OUThII I[IHHUK TPOIYKT - OKCHJA NPOIIJIEHY, SKHH MEpeBaXHO BHKOPHCTOBYIOTH ISl OJCPKaHHS
MOJTIOKCUTIPOTIICHY (TIOJTIO0MIB), sIKi HEOOX1THI JJIsT BUPOOHUIITBA TTOIIYPETAHOBHX ITiH.

Mu, crnineHo TOB «BupoOuuva rpyma TexiHcepBic», 3alporoOHYBaJIM 1 peaii3yBalid HOBY
HPPOa TtexHomnorito BUPOOHMIITBA TMPOIJICH OKCHIY 3 TMPOIMUICHY Ta TEPOKCHAY BOIHIO Ha
po3poonenomy TIS-1 xaramizaropi [78-79] (M.E. lllapanga, A.M. Munin). OpmHi€l0 3 OCHOBHUX
BiqMiHHOCTEH B icHytouoi HHPO TexHoMOTii € 3aMiHa TOKCHYHOTO METaHONIy Ha alleTOHITPHII. 3a TpU
poku Oylo TpoiieHo NUIIX Bix JabOpaTOpHOTO peakTopa 10 KomepuiiHoi yctanoBkd Ha 2000 ToH
[1O/pik, sixy Oymo 3amymeno Ha KapmarHadroxim (KHX) B uepBHi 2020 poky (puc.4). O0’em
KartiTaJoBKIaeHb nepeBumuB 10 mutH. gomapis CILIA.

Puc. 4. HPPOa ycranoBka BupoOHHITBA okcuay mpomineHy Ha TOB « KapmartnadgToximy» [77]

HactynHoro 3amauero, siky MU BHpIlIyBalu cHiibHO 3 TexiHcepBicom, Oyia 3aMiHa J0pOroro
nanaii-aIfOMOOKCHUIHOTO KaTamizaTopa piaumHo (asHoro riapyBaHHs onediniB y dpakmisx Ci-Cs
miponizy (Axens mporiec) Ha onedinoBomy 3aBoai KHX. YTBopeni Cs-Cs nmapadiau (mo 60 tuc. 1/pik)
MOBEPTAIOTh B PEIUKI Ha mipomi3. Ha OCHOBI NMPOMHCIIOBOrO MiJbBMICHOTO KaTaiizaropa Oyio
po3pobiieHo TexHomorito napodasHoro riapyBanHsa 1ux ¢pakuid mpu 180 °C/1.5 MITaHz [80]. KHX
BUJIUTHB TUTOMIAAKY IMiJl OYAIBHUIITBO 1Ii€i YCTAHOBKU Ha ojediHoBoMy 3aBoi. 3 moToro 2022 poky i
po6oTH OyJ10 MPU3YITUHEHO Yepe3 POCiiiCbKY BOEHHY arpecito mpoTu Y KpaiHH.
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[Tpu3ynuHEHO TaKOX Hamly CHiTbHY 3 TexiHcepBic poOOTYy TO BHCOKOTEMIEPATYPHOMY

XJIOPYBaHHIO €TWJICHY 10 BIHUIXJIOPHIY Ha CTajii BHTOTOBJICHHS ITUIOTHOI yCTaHOBKH. l[s HOBa

TEXHOJIOTIs € BKpai akTyanpHOIO s KHX, ToMy 110 103BOJMTE 3aMiHWUTH 3HOIIEHUH BiHHOMIT mporiec,

KM eKCIUTyaTyeThest 3 1986 poky, 3 BHUKIIIOYEHHSM MPOIECIB HHU3HKOTEMIEPATYPHOTO XJIOPYBAaHHS

eTHJICHY JIO TUXJIOpPETaHy Ta BUCOKOTeMIepaTypHoro mipomizy AXE no BiHumxmopumdy.

B ymoBax BOE€HHOTr0 CTaHy BiJIUT TIPOJOBXKYE MPAIIOBATH, 30KpeMa, HaJ MPOLIECOM OJICP KAHHS

IIUPOKOTO CIEKTPY NodioniB 3 Mn =500-7000, skuii mmanyerbes npueanati 1o HPPOa ycranoBku Ha

Kanycekomy «KapnaraagToximiy.
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Researches on heterogeneous acid-base catalysis in Institute for Sorption and
Problems of Endoecology of National Academy of Sciences of Ukraine

Volodymyr V. Brei

Institute for Sorption and Problems of Endoecology of the National Academy of Sciences of Ukraine
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In chronological order, the reaseach results of Department of heterogeneous acid-base catalysis at Institute
for sorption and endoecology problems in 2003-2023 are described. It relates to the synthesis, study and application
of solid superacids WO3/ZrO,, WO3/Z1r0,-S10,, Zr0,-Si0,-Al,03, ZrO,-Si0,-Sn0O,, as catalysts, in vacuum gas oil
cracking, alkylation of isobutane with isobutanol, acylation toluene, oligomerization of tetrohydrofuran, acylation of
methyl tert-butyl ether and other. Some study deals with a search of the correlations between of acid site strength of
a catalyst and its activity, in particular, in dehydration reaction of C,-C4 alcohols, and the correlations between
ability of primary and secondary alcohols to dehydrogenation and oxidation and their chemical shifts § (R'"OH) and
& (RCOH ). For the first time, the values of Hammett's acidity function have been measured at elevated (up to
200 °C) temperatures for solid acids. In particular, for H-Y faujasite, Ho reaches superacidic value Hy at 160 °C.

Since 2010, the main focus has been on the catalytic conversion of renewable raw materials, mainly
bioalcohols (ethanol, glycerol) and Cs carbohydrates, into important products of organic synthesis (ethyl acetate, 1,1
diethoxyethane, n-butanol, propylene glycol, alkyl lactates, lactide, glycolide). In cooperation with “Techinservice
Manufacturing Group”, new processes for obtaining ethyl acetate, 1,1 diethoxyethane, n-butanol from bioethanol
and racemic lactide from glycerol were developed. Also, new technologies for obtaining propylene oxide from
propylene and hydrogen peroxide (HPPOa-process), vapor phase hydrogenation of the pyrolysis Cs.s fraction, and
direct high-temperature chlorination of ethylene to vinyl chloride have been developed for Kalush
“Karpatnaftochim” plant. The HHPOa installation (2000 t/y) has been started at “Karpatnaftochim” in 2020.

Keywords: heterogeneous catalysis, solid acids, bioethanol, glicerol, alkyl lactates, lactide, propylene
oxide, butanol
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Nowadays, the conversion of ethanol into valuable chemical products is getting wider application. One of
such promising processes is Guerbet condensation of alcohols, which permits the obtaining of 1-butanol from
renewable raw materials that are alternatives to petroleum ones. Oxide systems combining acid and basic sites in
their composition are promising catalysts for such a transformation. In this study, the efficiency of the magnesium-
aluminum oxide and zirconium-oxide catalysts was compared to the activity of the cesium form of X-type zeolite
produced by hydrothermal ion exchange in the condensation of ethanol to 1-butanol. The integrity of the zeolite
structure was confirmed by using the XRD and XRF analysis, as well as by the IR spectroscopy. The depth of
exchange of native sodium for cesium was 82 %. It was also found that cesium cations are localized only in ion-
exchange positions of faujasite, in places SIII (supercages) and SI' (sodalite cages). CsX zeolite acid to basic sites
ratio was found to be close to optimal for this reaction. Cesium-containing zeolite at 300 °C shows ethanol 35-55 %
conversion and 20-25 % selectivity for 1-butanol, which is higher than the same characteristics for zirconium
samples, but slightly inferior to magnesium-aluminum oxide catalysts. The obtained results indicate the promising
use of zeolites of a similar nature in the process of condensation of ethanol to 1-butanol.

Keywords: ethanol condensation, 1-butanol, acid sites, basic sites, 1-butanol yield, process selectivity

Introduction

1-Butanol is widely used as a solvent, extractant, and raw material for the production of
methacrylates and butyl acrylate for coatings, enamels, and varnishes [1, 2]. A relatively new field of
application for 1-butanol is its addition to gasoline instead of ethanol [2-5]. The world production of
butanol-1 in 2017 was about 5.4 million tons, but according to forecast estimates, in the near future, the
demand for butanol will reach about 20 % of world fuel needs [6].

Traditionally, 1-butanol is obtained in the process of hydroformylation of petroleum-derived
propylene with subsequent hydrogenation of the obtained 1-butanol under high pressure conditions
(~ 30 MPa) using cobalt (Rh or Ru) catalysts in the first stage and nickel catalysts in the second stage [7].
Another commercial approach to obtaining butanol is the fermentation of carbohydrates by anaerobic
bacteria of the Clostridiaclass, the ABE (acetone-butanol-ethanol) process. The main problems with the
latter are the significant duration of the process, the high cost of the substrate, and the low concentration
of the obtained biobutanol [6, §].

Guerbet condensation of alcohols, consisting of the doubling of the alcohol chain, is a promising
method of converting light alcohols into higher ones [9]. Currently, industrial production of higher
alcohols by Guerbet condensation is carried out on combined catalysts (liquid alkalis together with a solid
catalyst based on transition metals) [10-12]. Its implementation requires high-cost equipment design for
separation, purification, recovery, and processing of waste, as well as the use of catalysts with precious
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metals. As a result, the production of alcohols by Guerbet condensation is so far only profitable for the
particularly valuable higher alcohols Cs-.

Therefore, there is considerable interest in the development of cheaper solid catalysts that would
allow the process to be implemented in flow mode, eliminating the problems of separating them from the
reaction mixture and the corrosion of the equipment. On the one hand, carrying out the reaction in the
vapor phase would allow the process to be implemented at atmospheric pressure, which, accordingly,
would have fewer technological limitations than in liquid-phase systems with high pressure [9].

Systems based on MgO-Al203and ZrOz are considered promising for the development of effective
catalysts for the production of 1-butanol, for which there is a possibility of targeted regulation of structural-
dimensional and acid-base characteristics at the synthesis stage by changing the ratio of active components
in the composition of catalysts, the conditions of their formation, and also by introducing modifying
additives [13-15].

Works [13-15] show that for the effective conversion of ethanol into 1-butanol, the MgO-AL2O3
binary oxide catalyst must include Lewis acid-base pairs (Mg-O-Al) formed during the calcination of
hydrotalcites. The highest yield of 1-butanol (18 %) was achieved in the presence of a catalyst with a
Mg/Al ratio of 2. It was found that the modification of Mg-Al-oxide systems with cerium cations leads to
an increase in the concentration of acid and basic sites on the surface of the catalysts, which ensures an
increase in the specific rate of 1-butanol formation compared to the unmodified catalyst.

In paper [16] different metals (Cu, Ni and Co), at various metal loadings were deposited on the
alumina support. Consequently, the catalytic reactions were carried out in a continuous laboratory-scale
fixed bed reactor operated at 240 °C and 70 bar [16]. On the best catalysts, the selectivities towards
1-butanol close to 70 % were reached, while the ethanol conversions typically varied between 10 and
30 %. The latter strongly depends on the metal applied.

Rubidium-modified zeolites were also studied as catalysts for gas-phase condensation of lower
alcohols [17, 18]. The selectivity for butanol-1 was 40, 37, and 20 % on rubidium-modified zeolites
Rb-LiX, Rb-NaX, and Rb-KX, respectively. At the same time, samples without rubidium only catalyzed
dehydrogenation.

Selective zeolite catalysts for the alkylation of toluene with methanol in the side chain [19, 20] also
possess a combination of acidic and basic active sites. Moreover, according to the proposed reaction
mechanism, acid sites are responsible for alkylation of toluene in the benzene ring, while basic ones are
necessary for alkylation in the side chain. Faujasite-type zeolites modified with cesium act as effective
catalysts for this transformation [21].

Therefore, the purpose of this work was to evaluate the efficiency of a cesium-containing zeolite
of the faujasite-type in the gas-phase conversion of ethanol to 1-butanol, as well as to compare its activity
with magnesium-aluminumoxide and zirconiumoxide systems.

Experimental

Catalyst synthesis

X-type zeolite (SiO2/Al203 = 2.3, TU 38.102168-85, static capacity for water vapor: 0.30 cm?/g,
for benzene vapor: 0.29 cm®/g, fraction 0.5-1 mm) was subjected to a two-time exchange for cesium
cations from a 1 N aqueous solution of nitrate (chemically pure, TU 6-09-437-83) for cesium form
synthesis. The ratio of solid to liquid phases in hydrothermal ion exchange was 1:5. Exchanges were
carried out sequentially at 140-150 °C for 2 h in a rotating stainless steel autoclave with intermediate

Catalysis and Petrochemistry, 2023, 34



52 Kamaniz ma nagpmoximia, 2023, Ne34

washing with distilled water. The elevated temperature was used to destroy the hydrate shell of the
introduced cations and thereby increase the depth of the exchange. After completion of the procedure, the
sample was thoroughly washed with distilled water until the absence of NO3™ ions and dried in air.

Catalyst characterization

2Na, 2’Al, '3Cs NMR spectra were recorded on an AVANCE 400 spectrometer (Bruker).
Recording was carried out in accumulation mode at frequencies v 105.842, 104.261, and 52.482 MHz,
respectively. Chemical shifts & were determined relative to the standards: solutions of NaCl, Al(H20)s>"
and CsNOs. The sample was placed in borate glass ampoule (5 mm diameter).

FTIR spectroscopy. IR spectra in the region of framework vibrations (400-1200 cm™') were
recorded on an IR-Fourier spectrometer IR Affiniti-1s (Shimadzu, Japan) with a Specac Quest GS 10801-B
disturbed total internal reflection (ATR) attachment. The sample was applied to the surface of the diamond
prism of the ATR attachment, and the spectrum was recorded. The spectral resolution was 2 cm™!.

N> adsorption. Low temperature nitrogen adsorption/desorption isotherms for samples were
measured on a Quantachrome Autosorb NOVA 1200e® automatic sorbometer (USA) after thermal
dehydration at 180 °C for 20 hours. Utilizing the NOVAW in 11.04 software, the parameters of the porous
structure were computed.

X-ray fluorescence (XRF) analysis. The elemental analysis of the samples were carried out by XRF
spectroscopy on the Oxford Instruments X-Supreme 8000 analyzer (Great Britain) using the mineral
analysis program.

XRD. The XRD patterns of the zeolite sample was recorded on a DRON-4-07 diffractometer in the
CuKa radiation of the anode line with a Ni filter in the reflected beam in the Bragg-Brentano shooting
geometry in the angular range of 3.5-80 degrees 20 with a step of 0.05 degrees and exposure at a point of
1 sec.

Catalytic investigations

Catalytic studies were carried out in a flow unit under atmospheric pressure in a quartz reactor
(internal diameter 10 mm) with a fixed catalyst layer (0.5 g, 0.25-0.5 mm) at 300, 325 and 350 °C. Ethanol
(azeotrope 95.6 %, the rest H2O) was fed into the evaporator using a syringe infusion pump
(WHSV = 0.14 g-gcar "h!). Argon was used as a carrier gas at a flow rate of 10 ml/min. Reactants and
reaction products were analyzed on a NeoCHROM gas chromatograph equipped with a flame ionization
detector and a capillary column (HP-FFAP, 50 mx0.32 mm).

Catalytic activity of the catalysts was characterized by ethanol conversion (Xzon):

0
_ Ngton — NEtoH 0
XEtOH —_ 0 ¢ 100, mOZ /0,

Ngton
where n°gon is the initial amount of moles of ethanol in the feed, mol/h; neon is unreacted ethanol at the

exit of reactor, mol/h.
Selectivity to products (Si) and butanol yield (Ya.orn) have been calculated in accordance with:

- 100, mol %,

n;

Si =
* (Zon — Necon)
Xeton " Spuon
Y, =— 9
BuOH 100 ,mol %,
where ni is amount of moles of identified product.
The productivity of the catalyst has been calculated using the formula:

YB OH * W N 08
Pguon = - 100 ,mmol/gcae. h
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where YBuon - yield of butanol, mol %; W - ethanol weight hourly space velocity mmolgion/(geat-h), 0.8 -
is the maximum possible amount of butanol (g) that can be produced from 1 g of ethanol.

Results and Discussion

Catalyst characterization

Based on the X-ray fluorescence analysis data, the SiO2 to Al2Os3 ratio in the zeolite framework
and the degree of cesium exchange were calculated to be 2.5 and 82 %, respectively. Therefore, during
the ion exchange procedure, the chemical composition of the aluminosilicate framework of the zeolite
undergoes only minor changes.

The porous characteristics of the original sodium form and the exchanged cesium form were
investigated by the low-temperature nitrogen adsorption/desorption. The calculated characteristics are
summarized in the Table. 1. As can be seen, as a result of the exchange of native sodium for cesium, the
BET surface (SBET) and the surface of micropores (Smicro) are significantly reduced. Correspondingly, the
volumes of total pores (Vs) and micropores (V'micro) also decrease. These effects can be related, firstly, to
the destruction of the sample and, secondly, to the almost twice larger size of the effective diameter of the
cesium cation (3.38 A) compared to the sodium cation (1.9 A). The second one is more realistic.

Table 1. Charaterictics of porous structure of zeolite samples according to low temperature nitrogen
adsorption/desorption

SBET, Smicro, Vtmicro, VZ, R,

Sample m2 /g mz /g cm3 /g Cl’l’l3 /g Vmicro/ Vs nm
NaX 689 669 0.279 0.323 0.86 0.9
CsX 345 329 0.140 0.180 0.79 1.0

The degree of exchange for cesium cations and the integrity of the crystal structure of the CsX
catalyst were confirmed by NMR.

b c
2.2 ppm 65 ppm
0 -100 -200 60 30 0 -30 60 200 100 0 -100
81330 PPM )38 PPM 8)7a1 PPM

Fig. 1. '33Cs (@), *Na (b), and >’Al (c) NMR spectra for CsX sample

The '3Cs spectrum of the CsX sample is a superposition of two signals with chemical shifts of
-116 ppm and -160 ppm (Fig. 1 a), which indicates the presence of cesium in the sample in ion exchange
positions. The first intense signal corresponds to cesium cations in the SIII positions of the supercages of
the faujasite structure, and the second to cations in the SI' positions in the sodalite cages [22]. The **Na
spectrum (Fig. 1 b) is dominated by the signal (6 = 2.5 ppm) corresponding to residual sodium cations in
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hexagonal prisms (SI sites) [23]. Significant in intensity signals, which would indicate the presence of
sodium cations in sodalite cages and/or in supercages, are not observed in the 2*Na NMR spectrum of the
CsX sample. All this confirms the high degree of exchange of the original sodium cations for cesium
cations.

The only signal of tetrahedrally coordinated aluminum present in the 2’Al spectrum (Fig. 1 ¢)
(0 = 65 ppm [24, 25]) proves the integrity of the crystal structure of the sample.

100 733

- 711
80 660/822

642
555

60 4 533

I, %

40 -
111

620 666

20 220 222 511

0 5 10 15 20 25 30 35 40 45 50 55 60
20, degree

Fig. 2. XRD pattern of CsX sample. Main characteristic lines in accordance with [26, 27]

The main lines of the XRD pattern (Fig. 2) correspond to the faujasite zeolite phase, however due
to the change in the sample cationic composition and the addition of cesium cations, there is a
redistribution of the strength of several reflexes in comparison to the native sodium form [26]. There were
no cesium-containing compounds in the crystalline form in the sample.

100 : ‘ ]
8, (O-T-0) |V, (Si-0-T) v, (Si-O-T)

80

60

% T

40 -

200 445 : : 954

O T T T T T 1 T T T T : T T T T T T T 1
400 500 600 700 800 900 1000 1100 1200
v, cm’!

Fig. 3. IR spectrum of CsX (1) sample in comparison with spectra of origin NaX (2) zeolite in the region
of lattice vibrations

The analysis of IR spectra (Fig. 3) showed the preservation of the type X zeolite characteristic
absorption bands [28] and the invariance of the zeolite structure after ion exchange. In particular, in the
spectrum of the CsX sample compared to the spectrum of the original NaX zeolite, there is no high-
frequency shift of the absorption band related to asymmetric valence vibrations of T-O bonds of tetrahedra
(954 cm™), and therefore, structural dealumination of the CsX sample does not occur. Also, the absorption
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band in the region of 900 cm™!, which is often associated with various types of structural defects, is not
observed in the CsX spectrum.

Catalytic properties

Before the reaction, the catalyst was activated by dehydration in an argon flow up to 500 °C with
exposure for 1 h. After cooling to 300-350 °C, the reaction mixture was fed. Ethanol conversion and
selectivity for the main products were calculated based on their quantities recorded in the time period from
0.5 to 6 h from the start of the experiment.

The dependences of ethanol conversion and product selectivity on time on stream (TOS) for 6 h
are shown in Fig. 4. As is known, in addition to the target reaction of the formation of 1-butanol (BuOH),
a number of other side transformations occur [13-15]. The target product 1-butanol reacts both with itself
(self-condensation) and with the original ethanol (cross-condensation) with the formation of higher
alcohols: 2-ethyl-1-butanol, 1-hexanol (HeOH), 2-ethyl-1-hexanol, and 1-octanol. Dehydration of
1-butanol and the formation of a mixture of butenes (But) also occur. In addition, ethylene (Et), light C24
transformation byproducts, acetaldehyde, diethyl ether, acetone, ethyl acetate, heavier Cs+ condensation
products (higher aldehydes, ketones, and aromatics) were recorded among the byproducts.

The initial conversion of ethanol (TOS = 0.5 h) at 300, 325, and 350 °C in the presence of the CsX
catalyst has close values of 31-35 %. At 350 °C, Xgton significantly increases at TOS = 1 h to 58 %, while at
300 and 325 °C, the ethanol conversion values during the experiment do not exceed the initial ones. For all
investigated temperatures, a decrease in Xgton over time is observed, presumably due to catalyst deactivation.

The highest selectivity for 1-butanol of 31 % is achieved at 300 °C, but it decreases over time.
Also, the yield of the target product is very small due to low ethanol conversion. At 350 °C, the selectivity
for 1-butanol is stable over time at a level of 20 %, and the yield is 10 % (TOS = 2 h). In general, it was
established that in the presence of CsX zeolite, there is a predominant formation of Ce+ products of deep
condensation—further transformations of 1-butanol with ethanol and other compounds with the formation
of higher oxygenates (aldehydes/ketones) and possibly aromatics.

The results of catalytic tests on the synthesized sample are summarized in Table 2 in comparison
with magnesium-aluminum and zirconiumoxide catalysts [13-15].

Table 2. Catalytic properties of zeolite CsX and comparison samples (Mg-Al [13], Zr [14, 15])

Sample TOS, h XEtOH, % SBuOH, % YBuOH, %
CsX' 2 50 20 10
CsX! 4 43 23 10
CsX? 2 15 26 4
CsX? 4 13 22 3

Mg-Al-2? 2 27 65 18
Mg-Al-Ce-2? 2 20 70 14
Mg-Al-Ce-1? 2 12 68 8

ZrO,! 2 10 20 2
Zr0,-Ce-10! 2 13 32 4.2

1-350°C;2-300°C

As can be seen, zirconium-containing zeolite X occupies an intermediate position between
magnesium-aluminumoxide samples and zirconium samples in terms of its efficiency, demonstrating at
350 °C 1-butanol yields at the level of 10 % with selectivity for 1-butanol about 20 % at medium level of
ethanol conversion (43-50 %).
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Fig.4. Catalytic performance of CsX sample in ethanol conversion in a flow mode during 6 h time on
stream

Since the presence of both acidic and basic sites in the catalysts is necessary for the targeted
transformation, it was interesting to compare the samples according to this indicator. Table 3 shows the
acid to basic sites ratio determined by using desorption of ammonia and carbon dioxide for the comparison
samples, as well as the zeolite sample. For the latter, this ratio is given based on the yield of the products
of alkylation of toluene with methanol in the side chain (basic sites) and into the benzene ring (acid sites)
[21], which was stable in the temperature range from 400 to 500 °C.

Catalysis and Petrochemistry, 2023, 34



Kamaniz ma nagpmoximia, 2023, No34 57

Table 3. Acid-to-basic sites ratio (Ca/Cp) in the samples

Sample C/Cy Sample Co/Cy
CsX 32%* Mg-Al-2 2.9
71O, 1.9 Mg-Al-Ce-2 3.0

Z10y-Ce-10 1 Mg-Al-Ce-1 2.6

* calculated using data for alkylation of methanol in side chain and in the benzene ring

The highest yields of 1-butanol are characterized by samples in which acid sites three times
predominate over basic ones (Mg-Al-2 and Mg-Al-Ce-2). Significantly smaller ratios for zirconium
samples significantly worsen their activity. On the other hand, the synthesized zeolite sample has a slightly
higher than optimal proportion of acid sites, which is obviously related to its intermediate activity. The
productivities of the catalysts were 0.3-0.4, 0.24, and 0.04-0.06 mmol/gcat/h for Mg-Al-oxides, CsX, and
ZrO2-based catalysts, respectively.

Thus, taking into account the good performance of cesium-modified zeolite X, the latter can be
used as a basis for further research. The additional introduction of cesium by impregnation, as well as the
addition of cerium, which performed well on magnesium-aluminum and zirconium oxide samples, also
look promising.

Conclusions

According to the results of X-ray diffraction and X-ray fluorescence analysis, NMR, and
IR spectral studies, the CsX zeolite synthesized by ion exchange with a high degree of sodium to cesium
exchange retained its crystalline structure. In particular, in the '33Cs NMR spectrum of zeolite, there are
two signals of chemical shifts, -116 and -160 ppm, reflecting cesium cations in supercages and sodalite
cages (sites SIII and SI', respectively). The chemical shift at 2.5 ppm reflects residual sodium cations in
hexagonal prisms. Signal of tetrahedrally coordinated aluminum confirms the high crystallinity of the
sample. The latter is confirmed by diffraction data and IR spectra of vibrations in the region of the zeolite
framework. CsX zeolite demonstrates results comparable to magnesium-aluminumoxide systems in the
conversion of ethanol to 1-butanol in flowing vapor phase conditions, which indicates the perspective of
further research on similar nature zeolite samples.

The obtained results confirm that the number of acid sites in the catalyst should be three times
greater than the number of basic sites for an effective course of ethanol conversion into the target direction
of the formation of 1-butanol and the minimization of side reactions.
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2 Hayionanenuti mexuiunuii ynisepcumem Ypainu «Kuigcoruti nonimexniunuii incmumym imeni lzops Cikopcokozon
npocn. Ilepemozu, 37, Kuig, 03056, Ykpaina
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Yuieepcumem Cesinvi, 41092, Ceginvs, Icnanis

[lepeTBOpEeHHS eTaHOY Y WiHHI XiMi4HI IPOAYKTH Ha0yBa€ Bce IMPLIOTo 3acTocyBaHHsA. OJHUM i3 TaKHX
MIePCICKTUBHUX TIPOIECIB € KOHIEHCAIlis ChupTiB 3a [epbe, 1o mo3Bojsie oTpuMyBath 1-OyTaHonm i3
IbTEpHATUBHOI HA(QTOBIH  BIAHOBIIOBAIBHOI CHPOBUHH. baratooOilfiounMu  KaTai3aTopaMH  TaKOTO
MEPETBOPEHHS € OKCUAHI CUCTEMH, 1[0 TIOEAHYIOTh Y CBOEMY CKJIaJl KHCIIOTHI Ta OCHOBHI HEHTpH. Y AaHiil poOOTi
OIIIHEHO aKTWBHICTh Yy KOHJIEHcallii eraHomy 1o l-OyraHomy mesieBoi (opMu meoniTy TUMy X, OAepiKaHoi
TiApOTEpMATEHAM 1OHHMM OOMIHOM, a TaKOXX IPOBEIEHO IOPIBHAHHS ii €(EKTUBHOCTI 3 MarHii-aTroMiHii-
OKCHIHHMMHU Ta LIUPKOHIH-OKCHJHUMH KaTamizaropami. LiTiCHICTh HEOMITHOI CTPYKTYPH MiATBEPIKEHO METOIAMH
peHTreHo()a30BOTO Ta peHTTeHO(IyOPHUCIIEHTHOTO aHali3y, a Takox [Y-crekrpockormii. CTymiHe 0OMiHY HaTpiro
Ha me3i ckiaB 82 %. 3HaWIeHO TaKOoX, IO KaTiOHW IEe3if0 JIOKAJTi30BaHi JHIIe y 10HOOOMIHHUX TMO3HIIfIX
¢doxazury — B micix SII (Benmuki nmopoxuanam) Ta SI' (comaniToBi koMmipku). BeranosneHo, mo meonit CsX Mae
ONM3BKi 10 ONTUMAJIBHOTO ISl TaHOTO MEPETBOPEHHS CIiBBiTHOMICHHS MiX KUTBKICTIO KHCIOTHHUX Ta OCHOBHHUX
uenrpis. LesifiBmicHuit neomnit 3a 350 °C nemoHcTpye 35-55 % konBepciro eranony ta 20-25 % cenekTUBHICTH 3a
1-0yTaHOJIOM, 110 € BUIIIUM 32 MMOKA3HUKH JIJIS UPKOHIEBUX 3Pa3KiB, ajie IS0 MOCTYNAEThCS MarHii-aIroMIiHIEBIM
KartanizatopaM. Onep:kaHi pe3yJbTaTh CBiI4aTh MPO NEPCIEKTUBHICTh BUKOPUCTAHHS LIEOMITiB OJM3bKOI IPUPOAN
y Tpotieci KoHIeHcallil eraHomy o 1-OytaHody.

Knrouosi crosa: xonaeHcailis eraHoiy, 1-0yTaHouI, KUCIOTHI [IGHTPH, OCHOBHI LIEHTPH, BUXia 1-0yTaHOIy,
CENIEKTUBHICTh MPOIIECY
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BrnuiuB mexanoxiMiuHoi 00po0Kku cymimi 1Box okcuaiB Ha 0a3i TiO:
Ha izuKo-xiMivHi Ta PoTOKATATITHYHI BJIACTUBOCTI 0/IePKAHUX KOMIIO3UTIB
B Jlerpajaiii MeTpoHiIa3 oy

O:aena B. Kizion !, Osnena B. Cauyk %, Bagepiii O. 3axuranos !, Jlronmuiaa U. Koruncbka !

! Incmumym copbuyii ma npobnem endoexonozii Hayionanvroi akademii nayx Yxpainu

eyn. I'enepana Haymosa, 13, Kuis, 03164, Vkpaina, e-mail: kiz68@i.ua
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JlocmimKkeHo BIUIMB MEXaHOXIMIYHOI OOpOOKHM OKCHIHWX KoMITo3uTiB Ha ocHOBI TiO; (TiO/ZnO,
Ti02/Zr0,, Ti0/MgO, TiO2/SnO,, TiO2/Nb,Os 3 MonbHUM criBBigHOmEHHSIM 1 : 1)Ha iX (i3UKO-XiMiuHI
BiactuBocTi. IlokazaHo, mo oOpoOka Beae 10 3MiHM KPHCTAIIYHOI CTPYKTYPU BHXiIHUX OKCHJIB 0€3 YTBOPEHHS
HOBUX (a3, CyTTEBOTO MOAPIOHEHHS YaCTHHOK, IO YacOM CYTPOBOIKYEThCS amopdizariiero 060X abo omHOTO 3
okcumiB. B pesynbrari MexaHOXiMi4HOT OOpOOKHM BifOyBaeThCs 30LIBLICHHS IMHUTOMOI MOBEPXHI KOMIIO3HUTIB,
okpiMm TiO»/Nb,Os 3paska, g SKOTO0 HOAPIOHEHHS CYMPOBOKYETHCS arjoMmepalii€o, mo Bexe 0 ACSKOTO
3MEHIICHHS TUTOMOi TIOBEpXHi. BCTaHOBIEHO, IO B pe3yibTaTi OOpOoOKH BinOyBaeThcst 3MiHA MOPQOIOTii
TTOBEPXHI KOMIIO3UIliH, Ta B JMEIKUX BHUIAaX TMEPEPO3MOIJ €JIECMEHTIB B IPHUIIOBEPXHEBOMY Imapi. 3HadHE
3MEHIIIEHHS PO3MIPY YaCTHHOK OKCHJIB BEJE 10 YTBOPEHHS 30H IIIJIBHOTO KOHTAKTY MK OKCHAaMHU B KOMITO3HTI.
BcranoBneno ¢oTokaramiTHUHI BIACTUBOCTI BUXITHIX KOMIIO3HIIIN Ta 3pa3KiB MicIs iX MEXaHOXIMIYHOT 00pOOKH
B peakiiii merpamartii meTpoHimazony mnpu YD-onpomineHHi. [loka3zaHO BiICYTHICTH 3aJIGKHOCTI KOHCTAHTH
IIBUAKOCTI (oTopeakiii Ta CTyNeHIO JAerpajaiii MeTpOHIAa30jy Bil IIMPUHH 3a00pOHEHOT 30HH, IO
MOSACHIOETHCS. OLTBIIMM BIUIMBOM JIOKaNbHOI akTHBamii Ha (OTOmpouec, Hi KOJEKTUBHHUMHU BIIACTHBOCTSIMH
TBEPIOro Tija. BcraHOBIEHO, MO CyMill OKCHIY THTaHy 3 iHIIUM OKCHIOM BeIe A0 YTBOPEHHsS €(EeKTHBHOTO
KarajizaTopa (oTrojaerpaaaiii MeTPOHIAa30J1y 3 CTyNeHEeM HOro neperBopeHHs 95-98 % (micas 5 ron. peakiiii),
110 Ha 4-7 % BUIIlEe HIK y BUXIJHOTO JIOKCUIY TUTAHY.

Kniouosi cnosa: MexanoxiMiuHa oOpoOKka, KOMITO3HUIIII TIOKCHI THTAHY-OKCHAM METajiB, (oToKaTais,
METPOHIAA301

Bcmyn

Tpamumiitai MeToan cuHTE3y (MpOdi3 PO3YMHIB COJICH, CYMICHHM TipOJIi3 COJIEH, TOMOTCHHE
CIIBOCAKEHHS Ta 1H.), SKI BUKOPUCTOBYIOTHCS IS OZICp>KaHHS CKJIAJIHUX HAHOPO3MIPHHUX MaTepiais,
MaloTh P HENONIKIB Ta HE 3aBXKIU JO03BOJSAIOTH OJAEpKATH KOMIIO3UTH 3 TOKpAIIeHUMHU
XapakTepucTuKaMu. J[o NeIKuX HEOJIKIB ITMX METOMIB MOXHA BIJHECTH: 3aCTOCYBAaHHS B SIKOCTI
BHXIJTHUX pPEarcHTIB COJIeH METaliB, IO OOyMOBIIOE HEOOXITHICTh MOJAIBIIOTO BUIAJICHHS KaTIOHIB,
MOAAJIBIIINKA BHCOKOTEMIIEPATYyPHUH TPOTPIB CHHTE30BAHMX KOMIIO3UTIB TOPOIIKIB 1 SK pPE3yJbTar
3a0pyAHEHHS CTIYHUX BOJ Ta MOBITps. TBepmoda3sHuil CHHTE3 KOMIIO3WUTIB 3 OKCHIIB, TaK fAK 1
JOTATKOBUIM  TIPOTPIB  CYNMPOBOKYIOTBCS  3HIDKEHHS TUTOMOI TIOBEpXHI Ta 00’emy  TIOp.
ANbTEpHATUBHUM TPATUIIAHUM METOJaM € MEXaHOXIMIYHHMA CHHTE3, NPH SKOMY B SKOCTI BUXITHHX
PEYOBUH BUKOPHCTOBYIOTH OKCHIHM METaliB, 0OpoOKYy MpOBOIATH Ha TMOBITPi, TOOTO CTajii MpOrpiBy
0JIEpKAaHOTO KOMITO3UTY Ta HEUTpasi3allii MKIJIMBUX BUKHUIIB BUKITIOYAIOThCS [1-6]. TIpn MiHiMambHUX
BHUTpaTax eHeprii, inTeHcudikaiii mpoBeIeHHs MPOLECIB JaHUH METOJ CHHTE3Y MI03BOJISIE OJCPKATH
KOMITO3UTHI HAHOPO3MIpHI MaTepiaii 3 BHUCOKOIO KATAIITHYHOIO AaKTHUBHICTIO B PI3HHX pPEaKIIisX,
BKJTFOYar0uu oToKaTaMTH4HI [5-8].
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Ha cporognimHiii 1eHb 3a0pyIHEHHS HaBKOJMUIIHBOIO CEPEAOBUINA, 30KpeMa BOAHHUX JIKeped,
PI3HUMU OPTraHIYHUMHU PEUYOBHHAMHU € TOJIOBHOIO MIPOOIEMOIO JUIsl )KHUTTS OlosioridHoro Buay. OaHUME 3
HeOe3neuHnx 3a0pynHIOBaviB € (papManeBTHYHI CHONykH, ocoOauBo aHTHOloTHKH (AbB), BHacmimok
IIUPOKOTO iXHBOTO 3aCTOCYyBaHHA. MeTpoHinazon (2-mMeTui-5-HuTpoMinaszon-1-eranon, MH) €
MOMYJISPHUM MEIUYHUM 3aco00M JjIsl JIIKyBaHHS 1H(MEKIIHHUX 3aXBOPIOBaHb, SIKI CIPUYMHEHI €0
PI3HOMAaHITHUX OakTepiil. AJjle Mopsia 3 KOPUCHUMH JIIKYBaJIbHUMH BiacTUBOCTSIMU MH mae TokcuuHi,
MyTareHHi Ta KaHIEpPOTe€HHI XapakTepucTUKU. OTxe, BUIAJECHHS 3aJIHIIKIB JAaHOTO MEIUYHOIO
rpenapary 3 CTIYHUX BOJ € BOKJIMBOIO Ta aKTyalbHOO TpobaemMoro. binbmricts Ab, sk 1 iHII opraniuHi
3a0pyaHIOBaYl, HE MiANAIOTHCSA Olojerpanamii i MOBHICTIO HE BHAAISIOTHCS 3 BOJHOTO CEPEIOBHINA
TaKUMH METOJaMH, SIK ancopOiisi, o30HyBaHHSA Ta iH. [9] TlepcieKTHBHMM METOJOM OYHIIEHHS €
(dhoTokaTami3, SKMl aKTUBHO 3aCTOCOBYETHCS B TIEPBUHHIM 00po611i Boau [10-14].

Bigomo, mo omauM 3 edexkTuBHHX (OTOKATANI3aTOPIB € MIOKCHJI TUTaHy, KUK XIMIYHO 1
MEXaHIYHO CcTablIpHuM npu yabTpadioneTopomy onpomineHHi (YDPO), HE € TOKCUYHOIO PEYOBHHOIO Ta
Ma€e TPOMHUCIOBY aocTymHicTh [10, 15-18]. OcobnuBuii iHTEpeC NPEACTABISAIOTH JTBOKOMIIOHCHTHI
CHCTEMH Ha OCHOBI JIaHOTO OKCHIY, METOJIM CHHTE3Y SIKUX CYTTEBO BIUTUBAIOTH Ha iXHI (i3MKO-XiMivyHI
BJIACTUBOCTI, a came: Ha ()OpMyBaHHS HAaHOYACTHHOK, IXHI po3Mipu Ta (opMy, MUTOMY IHOBEPXHIO,
Mopoorito Ta porokaTamiTHYHI BIacTUBOCTI [7, 15, 17-22].

B naniit po6oTi Oy110 JOCTIKEHO BILUTUB MEXaHOXIMIYHOT OOPOOKH CyMillli JBOX OKCHIIB, OJHHM
3 skuX OyB IIOKCHJ TWUTaHy, Ha (I3MKO-XIMi4HI BJIACTUBOCTI OJEPKAHMX KOMIIO3HMTIB Ta iXHI

¢doTokaTamiTHYHI BIACTUBOCTI y necTpykiii MH y BomHoMy cepenoBuiti npu Y @-onpoMiHEHH.

Excnepumenm

Mamepianu ma memoou

byno mnpuroroBneno exBimoispHi cymimi TiO2/ZnO, TiO2/ZrO2, TiO2/MgO, TiO2/SnO2,
TiO2/Nb20s 3 cmiBBimHomenHsM 1 : 1 3 okcuni TiO2 (upa), ZnO (9), ZrO2 (1), MgO (una), SnO2 (1),
Nb20s (4). Bci 3pa3ku momineHi Ha JBi YacTHHHU: 1) BHXigHa cymimn, 2)cymim, sika oOpoOieHa
MexaHoximMiuHo. MXO akTuBallito 3pa3kiB MPOBOIMIN BIIPOAOBXK | Ta 4 TOMUH Y BUCOKOCHEPTETHIHOMY
uraneTapHoMy miuHi «Pulversitte-6» ¢ipmu Fritsch mpu 550 06/XB 3 BUKOPUCTaHHSM CTaKaHy €MHICTIO
250 M1 1 KyJIBOK J1aMETPOM 5 MM, BHUTOTOBJIEHUX 3 MIOKCHMAY ULUPKOHI0. CHIBBIIHOLIEHHS Baru
OKCHJTHOT CYMIIITi IO Baru KyJIbok ckianano 1 : 10.

®i3uK0-XiMiYHI BJIACTUBOCTI JAHUX CHUCTEM JIOCIHIPKEHI HACTYMHHUMH METOJAaMH: TEKCTYpHI
napameTpu Oynmu pociimpkeni wHa mpwiaai NOVA-220e Gas Sorption Analyzer (Quantachrome);
cTpykrypauii anamiz (P®A) mpoBOAMIM METOMOM IOPOIIKOBOI peHTreHorpadii Ha TudpakTomerpi
DRON-3M 3 BukopucranasiMm CuKq-BUTIPOMiIHIOBaHHS 3 AOBXHHOIO XBWi 1.5418 A i CKAHYBaHHSM B
iHTepBaii kyTiB 20 10-90°, po3paxyHok BincTanei (d, HM) M TUTOIIMHAMH 3 OTPUMAHHUX PEHTTEHOTPaM
3paskiB mpoBoawH 3a ¢opmynor Bymbsda-bpera: d =nA/2sinf, po3paxyHOK po3Mipy KPHUCTAIITIB
(L, M) mpoBOAMIM 3 BUKOPHCTaHHSIM MeTOAy, sikuil Oa3yerhcsi Ha piBHAHHI Illepepa: L = k\/Bcos,
ollepkaHi nudpakTorpamMu 3pasKiB aHaNI3yBaJHM 3a JIOTIOMOTOI0 eleKTpoHHOI 0a3u manux JCPDS;
MOpGoJIOTisl TOBEPXHI 3pa3KiB JOCHTIKEHa METOJIOM CKaHyI04oi elekTpoHHOi mikpockomii (CEM) Ha
enlekTpoHHOMY Mikpockori Tescan Vega 3 LMU 3 nBoma gerekropamu SE (peXuM «BTOPUHHHX
eekTpoHiBY») Ta BSE (pexum «BIIOUTUX €IEKTPOHIBY); MOCTIIKEHHS €JIEMEHTHOTO CKIIATy IMOBEPXHI
3pa3kiB OyJ0 3MIHCHEHO 3a JOTIOMOTOI0 EHEProJiCIepCiiHOrO0 PEHTTEHIBCHKOIO MiKpoaHali3aTopa
Oxford Instruments Aztec 3 nerektopoM ONE X-Max20.
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doTOoKaTaNMITUYHI BJIACTHBOCTI 3pa3KiB JOCHI[HKEHI B JecTpykuii wmerponimazory (MH)
(0.015 r/7) (AT «Jlyorudapm», Ne UA/6538/01/01, kog ATX JO1XDO01) y BogHOMY cepeOBHII TPU
yibTpadioneroBomy onpominerHi (YPO, pryTHa mammna BUCOKOTO THCKY Optima motyxsictio 125 BT,
gka BUNpoMiHIOE Jsmme B Y®-uactmHi cmekrpa 3 A =365 uM). [ocmimkenas ¢oroxerpamamii
aHTUOIOTUKY MPOBOAWIM B CKISTHOMY CTakaHi 3 poOodynmM poszurmHOM 300 MiT 1 Karaji3aTopoM Baroro
0.15 . Brpomorx 1 rox po3umn nepeminryBaiu 6e3 YOO i TOCATHEHHS aAcopOIiiHOT PiBHOBATH.
TpuBamicte mpouecy ¢oTOKaTamiTHYHOI AecTpykmii Oynma 1-5rom mpu NOCTIHHOMY iHTEHCUBHOMY
nepemimyBadHi. J{nsi  BU3HA4YeHHS (DOTOKATAINITUYHOI AKTUBHOCTI CHHTE30BAaHUX KOMITO3UTIB
BUMIiprOBasi onTH4YHy ryctury (D) po3unHiB 3a nmeBHu yac Ha npwiaai UV-Vis spectrometer Shimadzu
UV-2450 B nianazoni xBuib 200-800 HM. 3 oepkaHUX JaHUX OyJia po3paxoBaHa KOHCTAHTA IIBUIKOCTI
nerpamanii MH (Kd) 11 K0KHOTO JOCTIKYBAaHOTO Karajizaropa 3 KpuBux 3anexHocredd In(D/Do) Bix
yacy 3a (opmynow: Kd=In(D/Do)/At. Cryniap ¢ortokaramitnyaoi edpektuBHocTi (G) BH3HAYATH
[UITXOM BUMIpPIOBaHHS TIOTJIMHAHHS POOOYHX PO3YHHIB IpH ToBKKHI XBuii 320 HM, BinnosinHo MH, 3a
dbopMmyII0I0:

G = (Co-C)/Cox100 = (Dy-D)/Dyx 100,

ne Co - mouaTKkoBa KOHLEHTpalisd po3unHy, C - KOHIIEHTpallisl pO3YMHY B NEBHUN MOMEHT uacy, Do -
MMOYAaTKOBE TOTJAWHAHHA po34yuHy (komum t=0xB) 1 D - mormmHanHs po3uuHy micas 1-5ron
doronerpanauii Npu BIAMOBIAHIA Amax. 3HAUEHHS MIMPUHU 3a00pOHEHOT 30HM OylM BHU3HAYEHI 3a
JOMIOMOT 010 (heHOMEeHOIoTiyHOi Teopii Kybenku-MyHka B npunyiieHHi HenpsMoi 3a00poHeHo1 30HU. 3a
JOTIOMOTOI0 METOAY elNeKTpoHHOI criekTpockorii (EC) Oyno BuzHadeHo mmpuHy 3a00poHeHoi 30HU (Eg),
sKa Oyia po3paxoBaHa 3 aAcOpOIiifHOT cMyTu MOTIMHAHHA 3a jonomoroo ¢opmynu: Eg=hc/Ao, ne h -
crana ITnanka (4.135:107"° eB-c); ¢ - mBuakicTs cBitna (3-10% m/c); Ao - JOBKMHA XBUIII, 1110 BiNOBiga€
3HA4YEHHIO Kparo MMOTJIMHAHHS.

Pe3ynomamu ma ix 062060pennsn

Hocnioocenns gizuxo-ximivHux eracmusocmeti OKCUOHUX KOMIO3UMIB

CTpyKTypHI XapakTepUCTUKU BUXIJTHUX Ta CHHTE30BAHUX KOMIIO3MTIB OYyJM MpOaHasi30BaHi
MetonoM PDA. Sk MoxkHa 6auuTu 3 JAaHUX HaBeNEHUX peHTreHorpam (puc. 1,2, 3) BuUXiaHI CymimIi
MaloTh KPUCTANIUHY CTPYKTYPY Ta iXHI OCHOBHI peiiekcH BiAMOBIAAIOTH (azaM OKCHIIB, SIKi BXOJAATH
no ixuporo ckmany (TiO2 JCPDS 88-1175, ZrO2 JCPDS 37-1484, MgO JCPDS 45-946, SnO2 JCPDS
41-1445, ZnO JCPDS 36-1451, Nb2Os JCPDS 30-0873). Ha peHTrenorpamax BCiX CHCTEM HIOKCH]I
TUTaHy Mae nBa 0OazoBux peduekcu Bix (110) ta (101) mmommu npu 20 =27.4° ta 36.05° sxki
BINOBIat0Th (a3l pyTuiy. Beranosieno, mo MXO 3pa3kiB 3MiHIOE CTYIIHb KPUCTAIIYHOCTI BUXIIHUX
okcuaiB. OzneprkaHi pe3yabTaTd JO3BOJISIIOTh MOAUTUTH 3pa3Ki Ha Tpu rpynu. [lo mepioi rpynu MoxHa
BigHecTH 3pasku, ski micast MXO craiore moBHicTI0 amopdHi (puc. 1). s apyroi rpynu 3paskiB
XapakTepHO MOBHA amop®izallisi OJHOTO 3 OKCHJIB, TOJl SIK APYTUil 30epirae TOJOBHI peduiekcH, aie
BOHM € MEHII IHTeHCUBHI. Taka kaptuHa mputamanHa g TiO2/SnO: cuctemu (puc. 2), ne ¢asa
TIOKCUY TUTaHy CTa€ aMOp(HOI0, a s AIOKCHIY OJ0Ba XapaKTepHO PO3IIHPEHHs 0a30BUX pedieKciB
3 PI3KUM TMAAIHHIM X IHTEHCUBHOCTI, III0 CBIAYUTH MPO 3MEHILIEHHS pO3Mipy HOro 4yacTHHOK (Tab. 1).
Tperiii BUMaNOK, XapaKTepU3YEThCsl HASBHICTIO pediekciB Bi JBOX OKCHIIB, alleé iX 1HTEHCHUBHICTb
CYTTEBO 3HMXKYeThCs (puc. 3). Tpeba Bigmitutu, mo it TiO2/ZnO cucteMu Takuil pe3ysabTaT MOXKe
OyTu MOB’sI3aHUI TakoX 3 THM, 110 yac MXO cknaaas numie 1 rof, ToAl SK 1HIII cUCTeMU 00pOOIISIIUCH
BIpOJOBXK 4 roxa. 3aramom, ciiag BkazaTH, mo MXO OKCHAHHMX CyMIlIedl 3HIKYE CTYMiHb iXHBOI
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KPUCTAJIIYHOCTI 1 3MEHIITY€E pO3MIp IXHIX YaCTUHOK, PO IO CBITYaTh PO3PaXyHKH po3Mipy KpucTtaiiB L
(Tabm. 1).
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Puc. 1. Penrtrenorpamu Buxigaux Ta micis 4 rogq MXO okcugnux cymimeit: a - TiO2/ZrOz cuctema;
0 - TiO2/MgO cucrema
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Puc. 2. Penrtrenorpamu Buxinuux Ta micist 4 roq MXO okcnaaux cymimeit: TiO2/SnO2 cucrema

PesynbraTé IOCHiIKEHHSI TEKCTYPHUX IIapaMeTpiB OKCHIHUX KOMIIO3HTIB TIPEICTABJICHI B
tabu. 2. Bigomo, mo MXO crpuse ImiIBUIICHHIO 3HAYECHHS MUTOMOI TTOBEpXHi 3pa3kiB [1-4] Ta Beme 1o
YTBOPEHHSI MOPYBATUX KOMIIO3UTIB 3 HEMOPUCTUX BUXITHUX OKCHIIB [22-24]. OxmepkaHi HaMH JaHi
(Tabin. 2) moka3yroThb, 0 B pe3yabraTi MXO nuroma nmoBepxHs KOMIIO3UTIB 30UIbIITY€ETHCSI HE3HAYHO, 3a
BukitoueHHsAM T102/SnO2, a y Bunaaky komnosuuii TiO2/Nb20Os BoHa HaBITh 3MEHIY€ThCS. AHAJIOT1UHI
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3MIHH CTHIOCTEPIraloThCs JIJISl BEUMYHHA 3arajibHOTO 00’ €My mop (Tabu. 2) mpu MOpiBHIHHI 3pa3KiB 10 Ta
micat MXO. 3a BukimoueHHSM maHuX Ui 3pasky TiO2/Nb20s, mns iHmmx 3paskiB 00’e€M  mmop
301IBIIYETHCS B PE3YJIBTAaTI 0OPOOKH.
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Puc. 3. Penrrenorpamu Buximnux Tta miciag MXO okcugnux cymimei: a - TiO2/ZnO cucrema; 6 -
Ti02/Nb20s cucrema

3mian Mopddoitorii 3pas3kiB micist ix MXO mpemoncTpytots nqani CEM, npencrasieHi Ha puc. 4-6.
SIx MosxHa mobGaunTH 3 puc. 4, 1 3pazka Ti02/SnO2 crocrepiraeTbest 3HAYHE MOAPIOHEHHS MPUCYTHIX
y BUXITHOMY 3pa3Ky 3HAYHUX 32 PO3MipaMH YaCTHHOK Ta PIBHOMIpHE PO3MOALICHHS APIOHUX YaCTHHOK
3 amopizariero okcuay TUTany (puc. 2, Tabin. 1). PesympraToM 1bOTO € 3HaUeHE 30UIBIICHHS MTUTOMOL
nmoBepxHi 3paska (tabm. 2). Jms 3paska TiO2/ZrO2, axuii y BUXiTHOMY CTaHI MICTUTh OUTBII JPiOHI
gacTUHKH (puc. 5), B pe3ynbrati MXO crocrepiraeTbcsi He3HaYHE MOAPIOHEHHS Ta 3MiHa iX raditycy,
BiJl KPUCTAJIIYHOI 10 PO3MHTOI (POpPMH, IIO B CBOIO YEPry Y3roKyeThcs 3 manumu PDA (puc. 1 Ta
Tabmn. 1). Pe3ynprarom € HE3HayHE MiABUIICHHS MUTOMOI MOBEpPXHI 3paska (Tadm. 2). Cmig Takox
BIIMITHTH, 10 B pe3ynpTari MXO BinOyBaeThcs MEPEpO3NOIT €JIEMEHTIB y MPUITOBEPXHEBOMY MIapi
3pa3ka. SIKIo y BUXiIHOTO 3pa3ka, 3TiTHO JAaHUM PEHTTEHIBCHKOTO EHEPrOAMCIIEPCIHHOTO aHAi3y B
HBOMY BMICT THTaHy II€PEBaKa€ KUIBKICTh IHMPKOHIIO, TO TMicisg OOpPOOKM TNPHUIOBEPXHEBHHA IIap
30aradenuii nupkoHieMm (puc.S). Y Bumagky TiO2/Nb2Os cymimi B pesynbrati MXO BinOyBaeThcs
JIOCUTh 3HAYHE MOJPIOHEHHS YAaCTHMHOK OKCHIB (Tabin. 1) mpu omHowacHii ix armomepamii (puc. 6).
PesynbraTom armomepariii Moke OyTH 3MEHIIICHHS TUTOMOI IOBEPXHi 3pa3ka, sKe BiMiueHO B TalII. 2.
[Tpu pomy B pesynbraTi MXO 00poOKH B IPUITOBEPXHEBOMY IIapi 3MiHIOEThCs criBBigHOIIEHHS T1/Nb
3a PaxyHOK 301IbIIEHHS KUIBKOCTI TUTaHy (pHC. 6).

BcraHoBieHI 3MiHM B CTPYKTYpi 3pasKiB, iX IUCHEPCHOCTI, po3Mipax YacTUHOK B pe3yJIbTaTi
MXO manu Ou CyNnpOBOKYBATHCS YTBOPEHHSIM CTPYKTypHHX AedekTiB [25,26] Ta BIUMBAaTH Ha
3HAYEeHHS IIUPUHU 3a00poHeHOi 30HM Eg, sfka € BaXIUMBUM MapaMeTpoM s (OTOKATATITUIHHUX
BIIACTHBOCTEH OKCHIB. SIK MOXXHA TOOAYHTH 3 HABEACHUX B TabI. 2 3HaueHb IMUPUHU 3200POHEHOT 30HH,
il 3MeHIIeHHS BinOyBaeThCs HE B ycixX Bumaakax. Tak, ans 3paskiB TiO2/ZrOz ta TiO2/MgO, HaBmnaku,

nicnss MXO BinOyBaeTbes 30inbieHHs 3HaueHHs Eg. Jlanuii ¢pakT Moxke OyTH MOB'si3aHUiA 31 301IBIICHHAM
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BMICTY IIHMPOKO30HHOTO okcuay (ZrOz2, MgO) B mpumoBepXHEBOMY IIapi KOMIIO3UTY B pe3yJIbTari
00po6ku, mo HaseneHo i Ti02/ZrO: 3pa3ka Ha puc. 5. YV Bumanky iHmmx 3paskiB MXO o6poOka
JIHCHO BeJie 0 3MEHIIEHHS IMUPUHU 3a00pOHEHOI 30HU (Ta0um. 2). 3HayHe MOAPIOHEHHS OKCUAY THTAHY
(fioro amopdizalliss) A0 HAHOPO3MIPHMUX YACTHHOK Ta 30UIBIIEHHS WOro BIJHOCHOTO BMICTY B
MpUMoBepxHeBoMy mmapi (puc. 6) Beme a0 3MmeHIIeHHs 3HadeHHs Eg (tabn. 2). Bsarami, moka3HukH
napametrpy Eg anmsa Bcix 3paskiB maroTh 3HaueHHs Outbiie 3.0 eB. Jlanuit ¢akT roBoputh mpo Te, 10
MaKCHMaJibHa ()OTOAKTUBHICTH OKCHIHUX CHCTEM OY/Ie CIIOCTEPIraTUCs BUKIIOYHO TIpu Y D-OnprUMiHEHHI.

Ta6auusa 1. PesynpTaTl 10CTiHKEHHS OKCUAHUX KOMIIO3UTIB METOAOM PEHTIeHO(])A30BOr0 aHAMI3Y

* *
No 3pazox Meron Yac 06po6kw, L, v (hi) d, mm
B TiO02/MeO 00poOKH TOJI. TiO; MeO TiO; MeO
1 Ti0/ZrO; - ; 52(110) | 33 (-111) 0.32 0.32
2 Ti02/Z1rO; MXO 4 - - - -
3 TiO»/MgO - - 63(110) 39 (200) 0.33 0.21
4 TiO,/MgO MXO 4 ] _ ] _
5 Ti0»/Sn0, - - 58 (110) 55 (101) 0.33 0.26
6 Ti02/Sn0O, MXO 4 - 22 (101) - 0.32
7 Ti0»/ZnO _ ] 12 (110) 10 (101) 0.33 0.25
8 TiO»/ZnO MXO 1 11 (110) 1(101) 0.32 0.25
9 TiO2/Nb2Os - - 34 (110) 50 (001) 0.32 0.40
10 Ti02/Nb,Os MXO 4 6 (110) 10 (001) 0.31 0.40

* L - cepenHiii po3mip KpHCTaliTiB, po3paxoBanuii 3a piBHsHHiIM llleppepa, d - MbKIUIONMHHA BiACTaHb Ul HaWOLIBII
IHTEHCHBHUX peJIeKCiB po3paxoBaHa 3a piBHIHHAM Bynbda-bpera

Tabauus 2. JlaHi 1ochiKEHHS OKCUIHUX KOMIIO3UTIB METO/IaMH MIOPOMETpii Ta ciekTpodoTomeTpii

Ne 3pa3ok Meron Hac o6podia, *SpeT, MY/T *V, eM/r *Eg, eB
00po0KHu roJ

1 Ti02/Z1rO; - - 7.2 0.05 3.18
2 Ti0,/ZrO, MXO 4 8.6 0.11 3.36
3 Ti0,/MgO - - 42 0.06 3.04
4 TiO/MgO MXO 4 4.9 0.18 3.14
5 Ti0,/Sn0; - - 2.0 0.02 3.70
6 Ti02/Sn0; MXO 4 29.0 0.11 3.40
7 Ti02/ZnO - - 8.0 0.03 3.30
8 Ti02/ZnO MXO 1 9.0 0.04 3.29
9 Ti02/Nb,Os - - 10.5 0.06 3.32
10 TiO2/Nb,Os MXO 4 8.8 0.03 3.11

* Sger - muroma rionia nosepxHi (BET), Vs - 3aranshuii 06’ em nop, Eg - mmpuna 3a60poHeH0T 30HU

bl i’y
(I8 20KV x12,000 0128 1040SEl

—
20KV X12,000 Apm 0128 1040 SEI

Puc. 4. Mikpodororpadii CEM TiO2/SnO2 = 1 : 1 3pa3kiB: BUXigHui - a, miciast 4 rox MXO - 6
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I
0 1 4 ]

Puc.5. Mikpodororpadii CEM Ta enementhuii posmonin TiO2/ZrO2=1: 1 3pa3kiB: BuXiiHUH - a,
micis 4 rog MXO - 6

=TT T

1 { i Il

a

Puc. 6. Mikpodororpadii CEM Tta enementHmii po3nozmin TiO2/Nb2Os =1 : 1 3pa3kiB: BUXigHHi - a,
micis 4 rog MXO - 6

Domokamanimuyni  61ACMUBOCMI  OKCUOHUX  KOMRO3umie 'y npoueci Oezpaoayii
MempoHioo301y

Pesynbratu pocnimkeHHsT (OTOKATAIITUYHOT aKTUBHOCTI 3pa3KiB TpeICTaBlieHI B Tabi. 3, nae
HaBEJICHI 3HAYCHHS KOHCTAHTH MIBHJKOCTI (DOTOKATATITUYHOI peakili Ta 3MiHa CTyIEeHs Aerpaiariii
METPOHIAAa30Jly 3 YacoM MpoBeAeHHS peakilii. 3 miteparypu [14, 27] Bimomo, mo ¢oTokaTaliTHIHA
Jerpajailis METPOHIJa30ly B MPHUCYTHOCTI KartamizaTopiB Ha 6a3i TiO2 wa 80-90 % Beme mo ioro
neminepanizaiii. TakumM YMHOM B10yBa€ThCS MPOIEC OKMCHEHHS BUX1THOT pEUOBHHHU.

ChiBcTaBiieHHS JaHUX 10 3HAYCHHIO IIUPUHU 3a00pOHEHOi 30HW (Tabi. 2) Ta KOHCTaHTH
IIBUJIKOCTI JACCTPYKINI MeTpoHifa3zonmy (Tabi. 3) moka3ye BiJICYTHICTh 3aKOHOMIPHOTO 3B’SI3KYy MiX
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Humu. Tak, mpu 30inbiieHHI 3HadeHHs Eg B pesynprari MXO crnocrepiraetbCs SK 30UTbIICHHS
koHcTaHTH MBUAKOCTI (T102/Zr02), tak 1 3menmenHs (Ti02/MgO), npu ToMy M0 Uil WX CHUCTEM
paHile BU3HA4YCHI mapayiebHl 3MiHU (DI3UKO-XIMIYHUX BJIACTUBOCTEH (Tab. 1 Ta 2). AHAIOTIUHE SIBUIIE
CIIOCTEPIraeThCs 1 JUIsl 1HIIOI TPYIX 3MiH BIaCTUBOCTEH (Tabia. 1 Ta Tabn. 2 Ta omucC HaBEJACHUHN BUIIIE)
CHUCTEMHU TpU MeXaHOXIMIuHIi oOpoOmi, Hampukiaa, Ti02/ZnO Tta TiO2/Nb20s, xoua mius 060X B
pesyasTati MXO 3Hauenns Eg 3meHmyerscs (Tabm. 2), ogHaK KOHCTaHTa MIBUIAKOCTI (oToaerpamarii
MH 3MiHIO€TECS B TIPOTWICKHUX HampsMkax (Tadum. 3). DakTUYHO, BIACYTHICTh 3B’SI3Ky MK ITUMH
XapaKTEPUCTUKAMH JIEMOHCTPYIOTh JaHl HaBeaeHl Ha puc. 9. Cmia BiAMITUTH, 1m0 B jitepatypi [14],
Takox OyJI0 MOKa3aHo, 0 KOHCTaHTa IMBHUIKOCTI JAerpaaallii METpOHiIa30,Iy MOKe ab0 3MEHIITYBaTHCS,
abo 30impmryBatucs i cymimei TiO2 3 1HIIMM OKCHIOM Yy MOpPIBHSIHHI 3 1i 3HaueHHsAM it TiOx.
Bucoke 3HaueHHs KOHCTAaHTHM MIBUAKOCTI it BuxigHoro TiO2 [14] (tabm. 3) NOSCHIOETHCS
BHUKOPHUCTAHHSM JIaMnH 3 noTykHicTI0 500 BT, a aBTOopamu [14] Oyrno moka3aHo, 110 ii 3MEHIICHHS 10
250 Bt nmpakTu4HO B JBa pa3u 3HIKYE €PEKTUBHICTH (DOTO MPOIIECCY.

0,22 -
0,20—-
0,18—.
0,16—-
0,14:

0,12

3
K,x10% ¢

0,10 — *
0,08 — * *
0,06 — *

0,04 — *

0,02 H

T T T T T T T T T T T T T T T T 1
3,0 3,1 32 3.3 34 35 3,6 3,7 3.8
Eg, eB

Puc.7. Bzaemo3B’s30k MiX mupuHOIO 3a06opoHeHoi 30HM (Eg) Ta koHcrantu mBuakocti (Ka)
dboTonecTpyKIlii METPOHIAA30ITy

Jnis 3navenHs cryneHto ¢otoxerpananii (G) aHTHOIOTHKY TaKOX HE ICHYE 3alle)KHOCTI Bif
3HAaYeHHS MHUPUHU 3a00poHeHOi 30HUM (Tabn. 3). [Ipu HbOMY MOXKHA BiIMITUTH, IIO0 MaKCHUMAIbHI
3HA4YEHHs CTYIEHIO Aerpafaunii micast 2 Ta 5 rogun ¢otopeakuii qeMoHCTpY0Th BuxiaHi Ti02/ZnO Ta
Ti0O2/MgO cymimi (95-98 %), MXO nux KoMIo3uliil moripurye ixHi napamerpu. B Toii ke uac, mis
komno3uwiit ckmaxy TiO2/ZrO2 ta TiO2/Nb20s cnocrepiraeTscsi 30UIbIICHHS CTYNEHIO Jerpajariii
MmeTpoHigazony micas ix MXO. Cnin nonaTd, 1o HaBiTh MEXaHIUHI CyMillli OKCHAY THUTAaHY 3 1HIIUM
okcugoM (Ti02/ZnO ta TiO2/MgO) BUSBIAIOTH O17bITY (OTOKATATITUYHY aKTHBHICTb B Aerpaganii MH,
HiX BUXigHUHN okcun TUTany (91 %) (Tadmn. 3).

TakuM YHMHOM, Ha CHOTOJHI, Ha OCHOBI OJIepKaHUX IaHUX NP0 3MIHU (PI3UKO-XIMIYHUX
BIIACTHBOCTEH PI3HMX 3a CKJIAJOM KOMMO3HIiil Ha ocHOBI TiO2 (akTUIHO HEMOXKIIUBO MOSICHUTH 3MiHH
iX oToKaTaAMITHYHUX BIACTHBOCTEH B peakilii Aerpajalii MeTpoHifa3ony. 3 iHImoro 60Ky, BiIMiueHUI
¢dakT QopmMyBaHHS HAHOPO3MIPHHMX YACTHMHOK HE 3aBXKIM Bele A0 MiJBHUIIEHHS (DOTOKATANITUYHOI
aKTUBHOCTI, SIK I1e OyJI0 MOKa3aHo, Hampukiag B poOoTi [28-30]. MoXIJIMBOIO MPUYMHOIO LIBOTO € TOU
¢dakT, 1o Bci BU3HAYCHI (I3MKO-XIMIYHI MapaMeTpH € XapaKTEPUCTHUKOIO KOJEKTUBHUX BIACTHBOCTEH
TBEPJOro Tila (BUXIIHUX Ta OJEPKAHUX KOMIIO3UTIB), @ KAaTaliTUYHy AaKTUBHICTb BUSBIISIIOTH BJIAaCHE
JIOKaJIbHI IIEHTPH, SKi GOPMYIOTHCS TaKOXK MPU HAsIBHOCTI MixK(]a3zHOT B3aeMO/1ii KOMIOHEHTIB CKJIaTHOT

Catalysis and Petrochemistry, 2023, 34



68 Kamaniz ma nagpmoximia, 2023, Ne34

OKCHJHOI CHCTEMH, MPH IIbOMY KOMOIHAIs 3 JBOX OKCHJIB Yy BHXIJHIA CyMilIi MpH iX TUCTIEPCHOCTI
MOJKE€ CTIPUYMHSTH PO3MOLI 3apsiiiB MpH (OTOKATATITUYHIN akTUBaIii. B 1inomy, ams rpymnu cucrem
HEOOXiJTHO TIPOBEJCHHS JMJOCHIDKEHb Ha JIOKAIGHOMY piBHI, SKi O JJO3BOJNIMUIM 3pO3YMITH 3MiHU

(OTOBIACTHBOCTEH CKJIAIHUX KOMITO3UTIB.

Tabauus 3. PesynbraTé HOCTIIKEHHS OKCHIHMX KOMIO3HTIB Y (pOTOJETpaallii METpOHia30Iy Mpu
yIbTpadioleTOBOMY ONPOMiHEHHI

No 3pasox Merton Yac 00pobKH, Ky 10°, ¢ *@, % micis yacy peakiii
00poOKHu roj 2 rox 5ron
1 dhotomiz - - 0.06 - 68.2
2 TiO, - - 0.13 - 90.8
3 TiO, MXO 4 0.07 - 78.2
4 TiO; [13] - - 0.12 - -
4a TiO, [14]" - - 0.26 - -
5 Ti0,/Zx0, - - 0.03 17.9 35.2
6 Ti0,/Z10O, MXO 4 0.11 423 86.2
7 Ti02/MgO - - 0.17 66.2 95.0
8 Ti02/MgO MXO 4 0.08 28.6 75.9
9 Ti02/Sn0O; - - 0.08 40,8 77.1
10 Ti02/Sn0O; MXO 4 0.04 15.3 49.8
11 Ti0»/Zn0O - - 0.21 56.0 98.0
12 Ti02»/ZnO MXO 1 0.10 41.3 80.8
13 Ti02/Nb,Os - - 0.06 34.1 65.0
14 TiO2/Nb,Os MXO 4 0.07 32.2 73.9

* K4 - KOHCTaHTa MBUAKOCTI GoToaecTpykii, G - cTyIiHb (oToaeCcTpyKIii;
** mpu ocBitnenHi tammoro 500 Br

Bucnosxu

PesynbpTat nocnigKeHHs] OKCHIHUX JABOKOMIIOHEHTHHUX CHUCTeM Ha ocHOBI T10: mokaszanu, 110
MXO BrumBae Ha iXHi (pi3UKO-XiMIYHI BIACTUBOCTI, a came:

1) BiIOYBAETHCS 3MiHA KPUCTATIYHOI CTPYKTYPH, IOCUThH 4acTo 3 amopdizaiiero ogHoro abo 060x
OKCHJTHUX KOMIIOHEHTIB CyMIiIlIi;

11) B pe3yibTaTi 0OpOOKH PO3MIp YaCTHHOK BUXITHUX OKCHIIB MOXKE CYTTEBO 3MEHIITYBaTHCH,
HaBiTh B 4-10 pas3is;

1i1) B Oinpmrocti Bumankie MXO Beme 10 301UIbIICHHS 3HAYEHHS MUTOMOI MOBEPXHI 3pPa3KiB,
OJIHaK OyBarOTh BHUIAJKH, KOJU B PE3yJIbTaTi 3MEHIIEHHS PO3MIPY YaCTHHOK BiI0YBA€ThCA X HACTYITHA
arperatiisi, 0 BeJi€ /10 I€IKOro 3MEHIIEHHS MTUTOMOI IOBEPXHI;

1v) mokazano, o MXO Bene 10 3MiHU MOP(HOIOTii TOBEPXHI KOMIIO3HUTIB, IO TOSICHIOETHCS K
YTBOPEHHSIM HAHOPO3MIPHUX YAaCTHHOK OKCHJIB, TaK 1 MOXJIMBICTIO 1X IMOJAIBINOI arjioMeparii Ta
YTBOPEHHSM HIUTPHOTO KOHTAKTY MK HAHOYACTHUHKAMU P13HUX OKCHUJIIB;

V) MOKa3aHo, 1110 3MiHH, B pe3ynbrari MXO cyminn OKCHIIB, B 3HaUYE€HHI MTUPUHU 3a00pOHEHOT
30HU HE TPAIOTh BUPIIIAIHHOTO 3HAYEHHS y (POTOKATAIITUYHIA aKTUBHOCTI 3pa3KiB B MPOIIEC] AeTrpaartii
MeTpoHifa3ony. B maHoMmy BUNaAKy KOJEKTHBHI BJIACTUBOCTI CyMIIlll OKCHJIB HE BH3HAYAIOTh IXHIX
KaTAIITHYHUX TlapaMeTpiB, a BHU3HAUYaJbHY pPOJb MOXYTh BiJirpaBaTH JIOKaJIbHI B3a€MOMIl MIiX
OKCHJAaMH, SIKI 37aTHI 3MEHIIUTH IMOBIPHICTh aHITUIALII 3apsiB, K YTBOPIOIOTHCS B PE3yibTaTi
Y®-onpomiHeHHS;
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Vi) MOKa3aHo, 110 CTBOPEHHS CyMilleld OKCUIIB Ha 0a3l OKCUAY TUTaHy JoBojisie Ha 4-7 %

MIIBUIIUTH CTYTIHb Jerpajallii MeTpOoH1Aa30y y MOPiBHIHHI 3 IHAUBIAyansHUM Ti10:.
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Influence of mechanochemical treatment of a mixture of two oxides based on TiO:
on the physico-chemical and photocatalytic properties of the obtained composites in
the degradation of metronidazole
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The effect of mechanochemical treatment of oxide composites based on TiO, (TiO»/Zn0O, TiO»/ZrO,,
Ti02/MgO, Ti0/Sn0O,, TiO2/Nb>Os with a molar ratio of 1:1) on their physical and chemical properties was
investigated. It is shown that this treatment leads to a change in the crystal structure of the initial oxides without
the formation of new phases, a significant grinding of particles, which is sometimes accompanied by
amorphization of both or one of the oxides. As a result of mechanochemical treatment, the specific surface of the
composites increases, except for the TiO2/Nb,Os sample for which grinding is accompanied by agglomeration,
which leads to a some decrease in the specific surface. It was established that as a result of the treatment, the
morphology of the surface of the compositions changes, and in some cases the elements are redistributed in the
near-surface layer. A significant decrease in the size of oxide particles leads to the formation of zones of dense
contact between oxides in the composite. The photocatalytic properties of the original compositions and samples
after their mechanochemical treatment in the reaction of degradation of metronidazole under ultraviolet radiation
were established. It is shown that the photoreaction rate constant and the degree of metronidazole degradation do
not depend on the band gap width, which is explained by the greater influence of local activation on the
photoprocess than the collective properties of the solid body. It was established that a mixture of titania with
another oxide leads to the formation of an effective catalyst for the photodegradation of metronidazole with a
transformation degree of 95-98% (after 5 hours of reaction), which is 4-7% higher than that of the original
titanium oxide.

Keywords: mechanochemical treatment, titania-metal oxide compositions, photocatalysis, metronidazole
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The influence of mechanochemical and microwave modification
on the properties of SnO; as photocatalyst
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Samples of precipitated SnO, were modified by means of mechanochemical and microwave treatment.
Physicochemical properties of all samples were investigated using DTA, XRD, FTIR spectroscopy, nitrogen
adsorption-desorption and UV-Vis spectroscopy. Photocatalytic activity was evaluated using the degradation of
rhodamine B and safranin T under Vis-irradiation. It was found that the initial precipitated and modified samples
correspond to the composition of tin oxyhydroxide - SnO(OH)x. It has been established that as a result of
mechanochemical and microwave treatment of tin oxyhydroxide in the wet gel stage, it is possible to obtain
photocatalytically active materials with a uniform mesoporous structure and high specific surface area and a band
gap of about 3.5-3.6 eV. A peculiarity of the mechanochemical treatment of xerogels in water is the formation of
a meso-macroporous structure. Relationship between physicochemical and photocatalytic properties of prepared
samples has been discussed. The dependence of the efficiency of photocatalytic degradation of dyes on changes in
the porous structure, the presence of defects on the surface of the catalyst, and its electronic characteristics was
established.

Keywords: SnO,, mechanochemical and microwave treatment, porous structure, photocatalytic activity,
dyes, Vis-irradiation

Introduction

Tin dioxide is one of the wide-gap semiconductor materials with a complex of physicochemical
and functional properties [1-3]. Its characteristics determine the possibility of using SnO2 in adsorption
and catalytic processes aimed at monitoring the condition and protecting the environment. For example,
extraction of ions from wastewater and natural waters, photocatalytic degradation of pollutants in the
aquatic environment and determination of the content of harmful substances in the air, etc. [1-5].

The efficiency of SnO: in these processes is determined by a set of physical and chemical properties,
namely its crystalline and porous structure, specific surface area, morphology, surface condition, thermal and
mechanical stability, and the possibility of granulation. The complex of specified characteristics should have
optimal values for the effective use of tin dioxide in adsorption and catalytic processes.

Regulation of the physicochemical characteristics and, as a result, the functional properties of
precipitated tin dioxide can be carried out both at the synthesis stage (traditional deposition, sol-gel
method and template synthesis), and through its following treatment — “post-synthetic modification” [6]
(thermal and hydrothermal treatment). It is known that SnO: precipitated from aqueous solutions is, as a
rule, an amorphous hydrated oxide with a high specific surface area and a microporous structure, with a
band gap in the range of 4.2-3.6 eV. The use of various methods of synthesizing tin dioxide from
aqueous solutions allows to vary the physicochemical parameters of the obtained samples only to a
certain extent. In particular, it is difficult to obtain a developed mesoporous structure using the sol-gel
method and deposition, but it is possible when using the template method. Also, only the template
method of synthesis allows forming the perfect crystalline structure of cassiterite. In addition, these
methods of synthesis have a number of difficulties and disadvantages in their practical application: the use
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of a significant amount of water for washing samples makes them eco-insensitive, and the use of expensive
templates and precursors, the need for high temperatures for annealing the templates - expensive and
energy-consuming. In turn, thermal and hydrothermal treatments are widely used as methods of modifying
oxide materials, in particular for tin dioxide. These types of processing make it possible to widely vary the
physicochemical parameters of tin dioxide samples processed in the form of gels and xerogels, in
particular textural characteristics [7]. But the use of thermal treatment doesn’t allow reducing the
absorption edge and the width of the band gap of tin dioxide to the dimensions that condition activity in
visible light. At the same time, hydrothermal treatment requires fairly harsh conditions and the use of
special equipment that operates at high temperatures and pressures. Therefore, there is a need to develop
cheaper, environmentally friendly and simple methods of synthesis and modification.

There is a group of simpler and more effective methods of “green chemistry” for the synthesis and
modification of catalysts and sorbents, which use non-convective energy supply to the system [8-11]. They
allow to obtain results close to those for hydrothermal method, but using simpler equipment and lower
temperatures, as well as significantly reduce the duration of the process. In addition, despite a significant
number of publications, research in these areas continues to actively develops. Thus, recently, the rapid
development of mechanochemistry and its prospects for the chemical synthesis and modification of oxide
materials, as well as the conduct of catalytic reactions under MChT, was recently recognized at the level of
the International Union of Theoretical and Applied Chemistry (IUPAC) [12]. Despite the large number of
publications devoted to mechanochemical treatment (MChT) of oxide materials, their number is
insignificant for tin dioxide. The existing works describe only the mechanochemical synthesis of tin (II)
oxide followed by its transformation into tin (IV) oxide during thermal treatment at 350-800 °C. In turn,
microwave treatment (MWT) is a promising method that allows to realize hydrothermal conditions in a
more economical and ecologically beneficial way and to vary the parameters of the crystalline and porous
structure of tin dioxide. However, post-synthetic modification of SnO2 powders and xerogels and the study
of the effect of these treatment methods on the surface structure and parameters of the crystalline, porous,
and electronic structures, as well as the functional properties of tin dioxide, remain almost unexplored.
Thus, the advantages and efficiency of using these methods to modify other oxides and hydroxides make
them interesting and relevant for the search for ways to modify laboratory and commercial samples of tin
dioxide.

Experiment

Synthesis of SnO:2 samples. Two series of tin dioxide samples were obtained by heterogeneous
and homogeneous precipitation from water solutions (Fig. 1).

Modification of SnO:2 samples. Wet gels and xerogels were subjected to mechanochemical and
microwave treatments. Mechanochemical treatment was carried out using a planetary ball mill
“Pulverisette-7” (“Fritsch”, Germany) in air and water for 0.5 h at 300 and 500 rpm. High-pressure
reactor “NANO 2000 (“Plazmotronika”, Poland) was used for microwave treatment. It was carried out
at temperatures of 165-235 °C for 0.5-1 hours.

Physicochemical studies of modified samples. The physicochemical properties of the modified
samples were investigated by the following methods. Differential thermal analysis (DTA-TG) was
carried out using the Derivatograph-C device in the temperature range of 20-800 °C and heating rate of
10°C/min. XRD analysis was performed on a Philips PW1830 diffractometer with CuKa radiation
(A =0.15406 nm). The crystallite sizes L were calculated using the Debye-Scherrer equation (1):
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where 0.89 is a constant, A = 0.154 nm is the wavelength, nm,  is the width at half height of the peaks,
measured from the diffractogram, degrees, © is the Bragg angle from the diffractogram.

NH4OH or water solution of urea (CH4sN:0) SnCly*5H:0

\ /

Mixing

v

Heterogeneous precipitation:
(ustng NH40H) pH =4
Homogeneous precipitation:
(using urea) pH=8

v v

Drying Wet gels

v

Xerogels

Fig. 1. The scheme for obtaining wet gels and xerogels of SnOz by hetero- and homogeneous precipitation

FTIR spectra were recorded using spectrophotometer “Spectrum-One” (Perkin-Elmer Instruments) in
the range of 4000-400cm™' in reflection mode. The adsorption-desorption isotherms of nitrogen were
recorded using analyzer ASAP 2405N (Micromeritics Instrument Corp). The specific surface areas S,
sorption pore volume Vs, micropores Vmi and mesopores volume Vme were calculated from isotherms using
the BET, t- and the BJH methods. The total pore volume Vz was determined by ethanol impregnation of the
samples granules dried at 150 °C. The volume of macropores Vi« Was calculated as the difference between
Vs and Vs. The diameter of the mesopores dme was calculated from the pore size distribution curves (PSD) by
the BJH method. UV-Vis spectra of the initial and modified samples SnO: in the wavelength range of
200-800 nm were obtained using a Lambda 35 UV - Vis spectrophotometer with Labsphere RSA-PE-20
attachment (Perkin-Elmer Instruments). The value of the band gap E, was calculated according to Planck’s
formula (2):

12395

E, = @)

where A is the absorption edge, nm.

Photocatalytic studies of modified samples. The study of the photocatalytic activity of all
samples was carried out by the degradation of dyes (thodamine B, safranin T) under the action of visible
light in an aqueous medium (1-10~° mol/l). Below are the structural formulas of the dyes used:

Rhodamine B Safranin T
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At first, to achieve adsorption equilibrium, the dye solution (80 ml) and the catalyst (80 mg) were
stirred for 30 minutes in a glass reactor without irradiation. In the future, irradiation was carried out with
a Philips LED Cool daylight LED lamp with a power of 100W for 10 hours. Sampling of irradiated
solutions was carried out at certain time intervals. Catalysts were separated from the solution by
centrifugation. A spectrophotometer UV-2450 (Shimadzu) was used to determine the dye concentration
in these solutions. Photodegradation rate constants K4 were obtained by analyzing the change in optical
density of the substrates solution at 553 and 520 nm for RhB and ST, respectively using the first-order
kinetic equation. The degree of discoloration of solutions as criterium of substrates degradation was
determined using spectrophotometric data. The degree of pollutants mineralization was calculated as
decrease in the total organic carbon TOC [13, 14] using a TOC analyzer 5050A (Shimadzu).

Results and Discussion

Physicochemical properties. 1t was found that the initial precipitated and modified samples
correspond to the composition of tin oxyhydroxide - Sn30O4(OH)s4. On the DTA-TG curves for the initial
sample of the precipitated xerogel of tin oxyhydroxide (Fig. 2 a), it is possible to observe a mass loss of
Amexp of 5.7 wt. % when the temperature is increased to 800 °C, which corresponds to the value of
x =1.15. Similar DTA-TG results were obtained when SnO: powder forms were obtained from
hydroxides [15]. During mechanochemical treatment (MChT), partial removal of OH groups occurs,
which is evidenced by a decrease in the value of the calculated coefficient x (Table 1). Microwave
treatment (MWT), like MChT, but to a greater extent, helps to reduce the number of OH groups. A ratio
of the number of structural OH groups to Sn for the modified sample is 0.53 (Table 1). However, in the
latter case, the composition of the sample is closer to SnOz. The obtained results are confirmed by IR
spectroscopy.
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Fig. 2. The DTA-TG curves for tin oxyhydroxide: initial xerogel (a),that after MChT in air (b) and that
after MWT gel
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Table 1. Mass losses Amexp and coefficient x for initial and modified samples of SnO(OH)x

Samples X AMeyp, %o
xerogel initial 1.15 5.7
xerogel MChT air 600 rpm 1.13 5.6
SnO(OH)y xerogel MChT H,O 600 rpm 1.12 5.6
gel MChT 600 rpm. 0.91 4.5
gel MWT 235°C 1h 0.53 2.6

In FTIR spectra (Fig. 3) of the initial and modified samples SnO(OH)2, absorption bands are
observed in the area of vibrations of the frame and vibrations of OH groups. Thus, several absorption
bands can be distinguished in the region of vibrations of the tin dioxide framework (700-400 cm™'): at
660 and 579 cm™!, which relate to the vibrations of bridging bonds in O-Sn-O and the Sn-O(H) terminal
group, respectively [16-19]. Their position after MChT of heterogeneously and homogeneously
precipitated samples changes by approximately 5-10 cm™!, which indicates a certain disorganization of
the structure of tin dioxide. As a result of the modification, the intensity of the absorption bands at 930
and 1245 cm™', which are related to the deformation vibrations of different types of OH-groups [20, 21],
decreases. Similarly, the intensity of absorption bands decreases in the region of valence vibrations of
OH groups (3000-3500 cm™"). Thus, the greatest loss of OH groups occurs during MChT of gels. It
should be noted that treatment speed contributes to this process. Similar results were obtained for SnO2
powders after MChT [22]. Absorption bands at 1635 and 2430 cm™' correspond to oscillation of C=0
and residual CO2 from the atmosphere, respectively [23].

6o  Vv(OH)
] (3400cm™) Sn-0-Sn
(611cm™)
Y 0-Sn-0} ;Sn-O(H)

(660cm™)

K-M,a.u.
(9]
1

(1235cm™)

4000 3500 3000 2500 2000 1500 1000 500

v,cm’
Fig. 3. FTIR-spectra of samples of the tin oxyhydroxide samples: initial (1) as well as those after MChT
of xerogel in water (2), in air (3) and MChT of gel (4)

XRD analysis indicates that the initial sample has an imperfect crystal structure corresponding to
the tetragonal modification of cassiterite (JCPDS (No. 41-1445)) (Fig. 4). During mechanochemical
treatment, the phase composition of the samples does not change. Diffraction peaks (110), (101), and
(211) at 20 =26.5°, 33.8°, and 51.9°, respectively, are observed both with dry MChT and with MChT in
water. But at the same time, all modified samples are characterized by a slight increase in the intensity of
reflexes, compared to the initial SnO(OH): (Fig. 4, Table 2). This is probably related to the dispersion
processes and changes in the structure of primary particles that occur during MChT. For example, the
intensity of the reflex for the (110) plane (20 = 26.5°) for sample after dry MChT increases by 1.8 times
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compared to the initial SnO(OH)2, and after MChT in water — by 1.4 times. In turn, the size of the
crystallites increases when calculated in the direction of the (110) plane (Table 2).

Table 2. Crystallite sizes L and interplanar distances d for modified SnO(OH)2 samples calculated by
the Debye-Scherrer and Wolff-Bragg equations from XRD data

Samples hkl L* nm p**, degree d*** nm
(110) 2.02 4.04 0.334
initial (101) 3.14 2.64 0.265
(211) 2.09 4.22 0.176
(110) 2.29 3.56 0.336
MChT air 600 rpm (101) 3.22 2.58 0.265
(211) 2.08 4.24 0.176
(110) 2.05 3.97 0.329
MChT H,0 600 rpm (101) 3.53 2.35 0.265
. 211) 2.03 4.35 0.176
T (110) 3.07 2.7 0.336
= MWT xerogel 165 °C 0.5h (101) 2.55 3.2 0.264
2 211) 3.76 23 0.177
(110) 2.20 3.7 0.333
MWT gel 185 °C 0.5h (101) 2.06 4.0 0.264
(211) 2.51 3.5 0.176
(110) 1.95 4.2 0.336
MWT gel 235 °C 1h (101) 1.85 4.5 0.265
211) 2.24 3.9 0.176
(110) 2.25 3.6 0.336
MWT 270 °C (101) 1.98 4.2 0.265
(211) 2.53 3.5 0.177

* L - crystallite size, nm; **f - width at half height of the peak, degree; ***d - interplanar distance, nm
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Fig. 4. XRD for samples tin oxyhydroxide: initial (1) and that after MChT in air (2), MChT in water
(3), MWT of gel at 185 °C (4) and MWT of xerogel at 165 °C (5)

Catalysis and Petrochemistry, 2023, 34



Kamaniz ma nagpmoximin, 2023, Ne34 79

For samples of tin oxyhydroxide after MWT, with an increase in the treatment time and
temperature, an increase in the intensity of reflexes / and the size of crystallites L is observed (Table 2),
which correlates with the results of DTA-TG and indicates the processes of transformation of an
amorphous crystalline structure into a more crystalline one, close to crystalline SnO2. [24]. For example,
the intensity of / reflexes for a sample after MWT in the gel stage at 185 °C for 0.5 h increases by
1.5 times, and at 235 °C and 95 atm for 1 h — by almost 3 times, compared to the initial sample. At the
same time, the size of L crystallites increases by 2 times (Table 2). Similar processes occur during
hydrothermal treatment, but at higher temperatures and during longer treatment [25].

Nitrogen adsorption-desorption isotherms and pore size distribution curves for the initial and
modified samples SnO(OH)2 are shown in Fig. 5 a, b. The isotherms of the initial tin oxyhydroxide
samples belong to type 1. For samples after dry MChT and MChT in water, they are close to type 1. In
turn, the isotherms of samples after MChT gels are similar to the initial ones, but a sharp rise is observed
in the region of high values of P/Po > 0.9. The parameters of the porous structure of initial and modified
samples SnO(OH)2, calculated from the nitrogen adsorption-desorption isotherms, are given in Table 3.
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Fig. 5. N2 adsorption-desorption isotherms and pore size distribution (BJH method) (inset) for
SnO(OH)2 samples (a): initial (1), after MChT air at 300 rpm (2), after MChT H20O at 300 rpm (3), after
MCHhT gel at 300 rpm (4); (b): initial (1), after MWT xerogel at 165 °C (2), after MWT gel at 235 °C (3)

The initial samples have high specific surface area and a high content of micropores [25-27]. Dry
MCHhT leads to a decrease in the specific surface area S and volume of micropores Vui. At the same time,
with MChT in water, there is an increase in Vx and a slight decrease in S. A feature of MChT of dry
xerogel in water is the formation of secondary porosity represented by macropores, which is indicated by
the excess of Vs values over the values of the sorption volume of Vs pores (Table 3). This effect of
MChT on the porous structure corresponds to previously obtained results for other oxides and
hydroxides [20, 28]. It should be noted that the parameters of the porous structure of the samples after
MChT gels remain almost unchanged compared to the initial samples. A slight increase in the specific
surface area and sorption volume is observed, as well as a slight decrease in the volume of mesopores
and the size of primary particles.

The isotherms of the samples SnO(OH)2 after MWT (Fig. 5 b) belong to different types. Thus,
the isotherm of the sample after MWT at the wet gel stage at 185 °C for 0.5 h is close to type 1. At the
same time, the isotherms of other modified samples belong to type IV and have clearly defined
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hysteresis loops close to types H2 and H3. This indicates that the mesoporous structure of tin dioxide is
formed during MWT. Moreover, when SnO(OH): is modified in the form of xerogels, a change in the
type of isotherms is observed already after 0.5 h of treatment and at lower temperatures, compared to
samples of tin oxyhydroxide modified at the gel stage. Similar trends are characteristic of SnO2 after
hydrothermal treatment [25, 29, 30]. The parameters of the porous structure calculated from the
isotherms are given in Table 3. In the case of MWT of tin oxyhydroxide xerogel, the specific surface
area S and volume of micropores Vui decrease, the total Vs and sorption volume Vs of pores, the volume
Vve and diameter d we of mesopores increase. In turn, during the MWT gel of tin oxyhydroxide, a certain
increase in the specific surface area S, an increase in the V' and sorption volume Vs volume of pores, and
the formation of meso- and macropores are observed within 0.5 h. During further processing for 1 hour,
the specific surface area S decreases and the volume Vye and diameter d ve of mesopores increase.

Table 3. Influence of mechanochemical and microwave treatment on the parameters of the porous
structure of initial and modified SnO(OH). samples

Samples §, VZ, VS, Vmii 5 Vme 5 Vma 5 d mes
m?’/g | cm’/g | cm’/g | em/g | cm’/g | em’/g | nm

initial 178 0.10 0.05 0.08 0.02 - 2.3

MChT air 300 rpm 138 0.08 0.08 0.04 0.03 - 4.1
MChT air 600 rpm 135 0.16 0.07 0.04 0.02 0.09 5.4
MChT H,0 300 rpm 163 0.33 0.10 0.04 0.05 0.23 4.3
MChT H,0 600 rpm 159 0.27 0.08 0.04 0.03 0.19 3.8
SnO(OH), MChT gel 300 rpm 180 0.17 0.09 0.04 0.04 0.08 2.4
MChT gel 600 rpm 183 0.13 0.08 0.04 0.03 0.04 3.7
MWT xerogel 165 °C0.5h 166 0.17 0.17 0.00 0.17 - 3.7
MWT xerogel 175°C 1 h 92 0.14 0.12 0.00 0.12 0.02 5.8
MWT gel 185°C0.5h 183 0.31 0.11 0.00 0.11 0.20 2.7
MWT gel 235°C 1 h 156 0.25 0.25 0.00 0.25 - 4.3

In the electronic spectra in the Kubelka-Munk coordinates (Fig. 6) for the initial and modified
samples SnO(OH)a, there are absorption bands that are characteristic of tin dioxide (260-290 nm) [20, 31-
32] After MChT SnO(OH)2, a bathochromic shift of the absorption edge is observed from 302 nm to 312
nm for the initial sample and after MChT in water, respectively (Table 4). This contributes to a decrease in
the value of the band gap from 4.1 to 3.9 eV and an increase in light absorption from 14 to 19 % (Table 4).

b 4 (a)

K-M, a.u.
o
1

—T— T T —_— T T T T T T T T T T
180 200 220 240 260 280 300 330 340 180 200 220 240 260 280 300 320 340 360 380
A,nm A,nm

Fig. 6. UV- Vis spectra for SnO2 samples: initial (1); after MChT in air (2), after MChT in H20 (3),
after MChT of gel (4), after MWT of xerogel (4) and gel (6)
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After MWT, as after MChT, there is a shift of the absorption edge A to the long-wave region
from 302 nm to 335 nm for initial sample and the sample after MWT at the xerogel stage at 165 °C for
0.5 h, respectively. Due to this, there is a narrowing of the band gap to 3.56 eV (Table 4), and the
absorption of visible light 4 increases by two times, compared to the initial sample. Such changes in
electronic characteristics can be associated with the transformation of oxyhydroxide into tin dioxide, as
well as the formation of structural defects [32].

Table 4. The effect of mechanochemical and microwave treatment on the electronic properties of initial
and modified tin oxyhydroxide samples

Samples A%, nm E;** eV A*** 04
initial 302 4.2 14
= MChT air 300 rpm 311 3.98 18
= MChT H,0 300 rpm 312 3.97 19
Cé/ MChT gel 300 rpm 309 4.01 10
A MWT xerogel 165 °C 0.5 h 373 3.32 11
MWT gel 185°C0.5h 370 3.35 7

* )\ - absorption edge, nm; ** E, - band gap width, eV; ***A - light absorption at 550 nm, %

Photocatalytic activity. The previously described changes in the physicochemical characteristics
of modified tin oxyhydroxide samples contributed to changes in their photocatalytic activity. Studies of
the photocatalytic activity of the initial and modified samples show that the initial precipitated samples
SnO(OH)2 are inactive in the photodegradation processes of safranin T and methyl orange under the
influence of visible light. Also, they have low photocatalytic activity in relation to rhodamine B, only
partial deethylation of rhodamine B occurs. The degradation constants of rhodamine B are about 2*1073s ",
and the degree of decolorization in 2 h is 16-22 % (Table 5).

Table 5. Photocatalytic activity of modified tin oxyhydroxide samples

Rhodamine B Safranin T
Samples O Degree of 1 Degree of
Kax10% s discolfration, % Kax10°, s discolfration, %
Initial 2.9 16 n.a. n.a.
MChT air 300 rpm 93.2 96 1.5 78
MChHT H>0 300 rpm 101.0 95 33 86
MChT gel 300 rpm 49.6 98 1.6 60
MWT xerogel 165 °C 0.5 h - - 3.1 76
MWT xerogel 175°C 1h - - 3.2 71
MWT gel 185°C0.5h - - 3.3 85
MWT gel 235°C 1h - - 33 83

* n.a. — non active

Modification of precipitated tin oxyhydroxide by MChT and MWT leads to an increase in
photocatalytic activity under Vis-irradiation. This is confirmed by changes in the electronic absorption
spectra of the solutions of the dyes used. It can be seen that stepwise deethylation of thodamine B and
degradation of rhodamine 110 at different rates are observed for samples of precipitated SnO(OH): after
MChT and MWT (Fig. 7). SnO(OH)2 modified by MChT and MWT also acquires photocatalytic
activity in the process of safranin T degradation under visible light (Fig. 8). Indicators of photocatalytic
activity, namely: constants of photocatalytic degradation of rhodamine B and safranin T under visible
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light and the degree of discoloration are given in Table 5.1. For example, the degradation rate constant
Ka of rhodamine B increases from 0.2 to 10.1x10* s7! (Table 5), and the degradation rate constant of
safranin T reaches (1.5-3.4)x107° s7! (Fig. 5). In turn, the degree of decolorization of dye solutions when
using modified samples reaches 86-98 %.
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Fig. 7. Temporal spectral changes of RhB in the presence of SnO(OH). sample after MChT of gel at 300 rpm
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Fig. 8. Temporal spectral changes of safranin T in the presence of SnO(OH)2 sample after MWT of the
xerogel at 165 °C for 0.5 h

It was also shown that in the process of photodegradation of dyes, not only discoloration of
solutions occurs, but also mineralization. The degree of mineralization is calculated by the decrease in
the content of total organic carbon (TOC) and shows the degree of transformation of organic substances
into less harmful inorganic ones. For modified samples of tin dioxide, the degree of mineralization of the
studied dyes is 60-80 %. Probably, the increase in photocatalytic activity as a result of mechanochemical
and microwave modification of the precipitated tin oxyhydroxide can be associated with the preservation
of a high specific surface area, the formation and expansion of mesopores (from 2.3 to 5.4 nm), as well
as the introduction of defects into the structure of the modified samples SnO(OH)2 (Urbach tail). The
latter causes an additional increase in dye adsorption on the surface of the photocatalyst and absorption
of visible light by the photocatalyst. It is worth noting that the amount of adsorption of dyes increases
monotonically with increasing intensity of tin oxyhydroxide treatments, and the band gap width Eg
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decreases into varying degrees. An increase in the photocatalytic activity of the modified samples may
indicate that visible light is absorbed by the dye, as a result of which the dye molecules are excited,
followed by electron injection into the conduction zone of the photocatalyst, which is characteristic of
the photosensitization process [33].

Conclusions

The work studied the modification of precipitated tin oxyhydroxide using mechanochemical and
microwave treatments under various conditions and established the possibility of regulating its
physicochemical characteristics. It was found that the application of mechanochemical and microwave
treatment of tin oxyhydroxide at the wet gel stage leads to the formation of a homogeneous mesoporous
structure with high values of specific surface area (178-183 m*/g), pore volume (0.11-0.25 cm?/g) and
mesopore diameter (2.4-5.4 nm). In turn, mechanochemical treatment of xerogels in water allows to
form a meso-macroporous structure. At the same time, microwave treatment contributes to the formation
of a more perfect structure of the samples. Both types of modification help reduce the band gap of tin
dioxide from 4.19 to 3.56 eV and increase the absorption of visible light by 2 times, due to the presence
of structural defects (i.e., Urbach energy). As a result, the photocatalytic activity of modified samples of
tin oxyhydroxide increases under the action of visible light.
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BruinB MexaHOXIMIYHOI0 Ta MiKPOXBIWJIbBOBOI0 MOAUG(IKYyBAHHS HA BJIACTUBOCTI
SnO; sk ¢orokaragizaropa

Mapis M. Camconenko, CBitiiana B. Xanameiiga

Inemumym copbyii ma npobrem endoexonoeii Hayionanonoi akademii Hayk Yrpainu
syn. I'enepana Haymosa, 13, Kuis, 03164, Ykpaina, mashuna.08@gmail.com

3pasku ocapkeHoro SnO> MomuGiKyBaIH 3a TOMIOMOTOK MEXaHOXIMIYHOI Ta MIKpOXBHIIBOBOI OOpOOKH.
®i3uK0-XiMi4HI BIACTHBOCTI BCiX 3pa3kiB Oymu mocmimkeHi 3a gomomoroo JTA, POA, FTIR-cnekrpockorrii,
agcopOrii-necopouii azoty Ta UV-Vis cniekrpockorii. @oTokaTamiTHYHy aKTUBHICTH MiJ| JII€I0 BUAUMOTO CBITIa
OIIIHIOBAIIM 3a JIOIOMOTOI0 po3KiIany ponaminy b i cadpaniny T y BogHomMy cepenosuii. [lokazano, mo BuxiaHi
ocaKeHi Ta MoAvQiKOBaHI 3pa3Ku BiANOBIMAIOTE CKIaAy okcurimpokcumy onoBa — SnO(OH)x. Becrarnosneno, mo
B pe3yJbTaTi MEXaHOXIMIYHOI Ta MIKPOXBHJIbOBOiI OOpPOOKH OKCHTIAPOKCHAY OJOBa Ha CTaJii BOJOTOTO TEIi0
MOXKHa OTpHMaTH (OTOKATAJITHYHO aKTUBHI MaTepialld 3 OJHOPIAHOI MeE30MOpYyBAaTOK CTPYKTYpOIO Ta
BHCOKMMH 3HAYCHHSIMH ITUTOMOI MOBEPXHI Ta MIMPHUHOIO 3a00poHEHOi 30HU Omm3bko 3.5-3.6 eB. OcoOmmBicTiO
MEXaHOXIMIYHOT OOpPOOKM KCEpOreiB y BOJAI € YTBOPEHHS ME30-MakpomnopyBaroi cTpykrypu. OOroBopeHo
3B’S30K MK (i3UKO-XIMIYHHMH Ta (OTOKATAIITHYHUMHU BIACTHBOCTAMH MOAM(IKOBaHUX 3pa3KiB. BcraHoBIeHO
3aJIeKHICTh €PEeKTUBHOCTI (POTOKATANITUYHOI erpaaanii OapBHUKIB BiJl 3MiHH TIOPYBaTOi CTPYKTYpH, HASIBHOCTI
nedeKTiB Ha TIOBEpXHi poTOKaTaIizaTopa Ta HOTo SIEKTPOHHUX XapaKTEPUCTHK.

Knrouoei cnosa: SnO,, MexaHOXiMiyHa Ta MIKPOXBHIILOBa 00poOKa, TOpyBaTa CTPYKTYpa,
(hoTOKaTAITHYHA aKTUBHICTh, OAPBHUKH, BUTUME CBITIIO
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ITapoda3He OKMCHEHHS NMPOMIJIEHIIIKOJIb-METAHOJBHOI CYMillli 10 METHJLJIAKTATY
Ha CeO,/Al,OskaTanizaropi

Muxaiisio €. apanaa !, Apryp M. Muuin !, Osexciii FO. 3inuenko 2, Boaogumup B. Bpeii !

! Incmumym copbyii ma npobnem endoexonozii Hayionanwioi axademii nayx Yxpainu
eyn. I'enepana Haymosa, 13, Kuis, 03164, Ykpaina, e-mail: brei@ukr.net

2 TOB «Bupobnuua 2pyna Texincepgicy

Makxiiscokuii npogynox 1, Kuis, 04114, Vkpaina

HocnimxeHo mnapoda3He OKHCHEHHS CyMIIIeH MPOIMUICHTIIKOI 3 METAaHOJOM Ta ETaHOJOM JIO
BIJIMOBITHO METHWII- Ta eTHIUTaKTaTy Ha HaHeceHOMY CeO»/Al,O3 karamizaropi mpu 210-250 °C. 3acTocoByBamu
KHCEHb IOBITPS Ta MPOTOYHHH peakTop 3 (hiKCOBaHWMM IIapoM KartaimizaTopa. Ha Bxim peakropa mogaBamm 20 %
PO3YMH TPOMIJICHTIIIKONI0 B cnupTi. OKUCHEHHS MPOMIJICHTIIIKOIIO B MPUCYTHOCTI METaHONY BilOYBa€eThCS 3a
cymapHnoio peakniero CHsCHOHCH,OH + O, + CH30H = CH;CHOHCOOCHj; + 2H,0. Cnoyatky yTBOPIOETHCS
TiAPOKCHALIETOH, SKUH JAaji OKHCIIOETbCS MO MipOBUHOTPAIHOTO ajblAErily, KOTPHH MPHEOHYE CIOHPT 3
YTBOPCHHSIM HamiBareTam. [lami, HamiBaleTalb MBypatio NeperpynoByerbes mo KaHHINIApo B METHILIAKTAT.
[Tpu 220 °C Ta HaBaHTa)XeHHI Ha KaTtadi3aTop < 2 MMOJb [1I/Tr/TOJ CENEKTUBHICTh 32 METUILIAKTATOM csrajia
70 mac. % npu 100 % xoHBepcii npomiaeHrmiKoI0. B mprcyTHOCTI €TaHOIy CIOCTEPIrajgoch YTBOPEHHS 3HAYHOT
KUTBKOCTI arleTaabJAeTiay Ta MPOIYyKTiB HOT'O albI0JbHOT KOHACHCAITIT, a TAKOK YTBOPEHHSI AieToKcHeTany. ToMy,
CEJICKTUBHICTD 3a eTriutakTaToM 3a 100 % KoHBepcii MPOMICHIIIIKOJII0 He IepeBuliryBaia 45 %.

Kniouosi cnoea: MeTHIIIAKTAT, JIAKTH, TIPOITIIICHTIIIKOIE, TIOKCHT IIEPit0, HAHECSHHH KaTali3aTop

Bcmyn

3apa3 METWIaKTaT MOXKHA PO3TJISAATH K BUXIIHUN peareHT, 3aMIiCThb MOJOYHOI KHCIIOTH, JUIS
CUHTE3y MOHOMEpHOTO Jaktuy [1]. Oneprkannii Ha HOTO OCHOBI MOJTAKTH MAAA€ThCS 010ECTPYKIIIi,
TOMY HOTO 3aCTOCOBYIOTH JJIi BHPOOHHIITBA IMaKyBaJbHUX MarepianiB [2]. B miteparypi ommcaHo
oJIepKaHHS €TWIJIAKTAaTy 4Yepe3 OKMCHEHHS TIIIEPUHY B MPUCYTHOCTI eTaHony [3]. Mera miei poGoTu
noJisirajia B OJIep>KaHHI €TUJI- Ta METHUJUIAKTATIB Yepe3 OKUCHEHHS MPOMJICHTIIIKOII0 KUCHEM TOBITPS B
MPUCYTHOCTI TIApiB COUPTY Ul MIOPIBHSAHHS 3 OKUCHEHHSM TurirepuHy. Sk 1 B [3], B poJii KaraiizaTopa
3aCTOCOBYBAJIM AIOKCHU] IIepit0, HaHeceHu# Ha Y-Al203.

Excnepumenm

B po6oti 6yno 3actocoBano nponiienriikoins (I1T7) (una), meranon (LabscanLtd, 99.8 %), etanon
(99.9 %), rmiuepun (I') (papm), rizpokcuaneron (ABCR Gmbh & Co., Karlsruhe, 95 %) ta ctucnyte
noBiTpsa. Karamizaropu 10CeO2/Al203, Ta 10Ce02/S102 3 BmicToMm HaneceHoi da3u CeO2 y 10 mac. %
OyJI0 oep)KaHO 3a METOAMKOIO, onucano B [3]. 3a manumu PDA, Ha mOBEpXHI OJepKAaHUX 3pa3KiB
criocTepiraeThcsi yrBopeHHs TeTparoHanbHoi pasu CeOz. [1pu 3miH1 HOCIS 3 OKCHY alTFOMIHIIO Ha A10KCHT
KPEMHIIO TUTOMa TTOBEPXHS 3MeHIIyeThes Bif 240 10 120 M?/r BianoinHo. Bei 3pasky XxapakTepu3yoThes
HAasIBHICTIO ME30TIOp 13 cepeaHiM aiameTpom 5.2-8.9 HM.

Pesynberatu CEM Bka3yroTh Ha piIBHOMIPHUN PO3IMOALT OKCHAY IIEPIr0 IO TOBEPXHI YaCTUHOK (a3
HOCis1 0e3 YTBOpPEHHs BiOKpeMiIeHOi kpuctaniuynoi (a3u. Anamni3 3HIMKIB 10CeO2/Al203, npoBenenuii
pu posmmpenHi 100 MkM, 1okaszaB, 10 CepeHId BMICT JIOKCHUIY IEPif0 HA MOBEPXHI HOCIS OJIM3BKO
12 mac. % (puc. 1).
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Al Enement I Mac.% Atomu.%

AlIK 5443 48.1

Cel 12.14 207

(0] 33.43 49.83

CymapHo: 100
0

Ce ce Ce Ce Ce
T T T T T 1
0 1 2 3 4 5 6

keV
. 5.00um
0

Puc. 1. CEM-3niMmok 10CeO2/Al203 B pexuMi BiJOUTUX €IEKTPOHIB (a) Ta HOro eJIeMEHTHUH aHali3 1o
Toukax (0)

Peaxiiito mpoBOAMIN B CTAJIBHOMY NPOTOYHOMY peakTopi 3 (hIKCOBAaHMM IIapOM KaTajlizaTopa
(4 cm?) 3a Temneparypu 190-250 °C Tta Tucky 1.3-1.8 atm. Posuunu 20 mac. % NpOIIIEHITIIKONIO B
METaHOJII Ta B €TAaHOJI MOAABaJM B peakTop 3a Jomomoroio nmommu Waters model 950 3 06’emHOIO
mBuakictio 0.5-0.8 rox’!, mo BiANOBiZanO HABAHTAKEHHIO HA KATAli3aTOp 3a MPOMLIEHIIIKOJIEM
L =1.4-2.1 MMONB/Txar/TONI. CTUCHYTE MOBITPS 3 OAJIOHA MMOAABAIIA B PEAKTOP 13 TAKOTO PO3PAXYHKY, 00
3a0e3MeYuTH MOJIbHE CIIBBIAHOMICHHS ToJNion/O2 OMM3bKke 10 cTexioMeTpu4Horo, a came 1.0 mms
MpoMieHrIiKomto Ta 0.5 17 TailepruHy Ta TiAPOKCHAIICTOHY.

[TpoxykTH peaxiiii, nepeTBOPEHHS MPOIMIICHTIIKOIEBUX CyMiIIel aHaIi3yBajIl METOJaMH T'a30BO1
xpomatorpadii (Agilent 7820A) 3 25 M kaminsproio kononkoro (HP-5) ta 3C SIMP cnekrpockomii
(Bruker Avance 400), 3 Bukopuctanasm 0a3u qaHux opra”iunux crmoiyk (SDBS, National Institute of
Advanced Industrial Science and Technology, Japan, www.aist.go.jp). Kousepcito (X) mpormiaeHr 1Kot
Ta celeKTUBHICTS (S) 3a MmeTusuiaktaToM (MJI) B Mac. % po3paxoByBaii 3 XpOMaTOrpaM 10 BiAMIOBITHUM
BiTHOIICHHSM IUIOIIMH CUTHAJIB TMPOMUJICHITIKOII0, METHIIIAKTAaTy, TiIPOKCHAIETOHY, Ta IHIIUX
npoayKTiB. CelIeKTUBHICTD 32 METHJIJIAKTATOM PO3paxoByBajlach K BIAHOMIEHHS o curnany MJI 1o
CYMH IUIOIIMH CHUTHAJIB yCiX MpoAyKTiB. Ilonepeanbo peectpyBaBcsi KaaiOpyBaJdbHUN CIEKTp CyMili

METAHOJI : IPOMIEHTIIIKOb : METUJIIAKTAT 3 33JaHUM MAaCOBHM CITiBBITHOIICHHSIM KOMITIOHEHTIB 8 : 1 : 1.

Pe3ynomamu ma 062060penns

OKUCHEHHS IPOMUICHTIIIKOIIO 0 €TUJUIAKTATy, B IPUCYTHOCTI €TaHOJY, ONUCY€ETHCS HACTYITHOIO
opyrro-peakuieto: CHsCHOHCH:20H + O2 + C2HsOH = CH3CHOHCOOC:Hs + 2H20. To6to, Ha 1 Mob
MPOMIICHTIIIKOJIIO BUTPAYa€ThCsl | MOJIb KUCHIO. 3T1AHO IPUHHATHX ysIBIEHb [4], peakuis nepedirae B Tpu
cranii. Crno4aTtky YTBOPIOETHCS TiAPOKCHALIETOH, KOTPHH Jajli OKHCIIOETHCA 10 MipOBHHOIPAJHOTO
anpreriny. BBaxkaeTscs [5], 110 OKMCHUKOM BUCTYIIA€ KMCEHb KPUCTAIIYHOI IPATKH JIOKCHIY LIEpito 3a
MexaHi3MoM Mapca-Ban-Kpesenena. Crupt 3 anpAeriioM yTBOPIOIOTh HamiBaleraib, SKAH 3a
BHYTPIIIHEOMOJIEKYJIIPHOIO peakiieto KaHHIIapo neperpynoByeTbesi B €THIUIAKTAT. 3BaXKal0uu Ha TPU
cTafiitHicTh npouecy, npoaykTuBHICTh 10Ce02/Al203 katanizaTopa 3a METHIUIAKTATOM € HEBUCOKOIO, J10
1 Mmmotb MJI/Tkar/TOA TipU HEBUCOKIH, 10 45 %, CeeKTUBHOCTI 3a eTuiuiaktaroM (Tadm. 1). Le mpubimsao
B/iiiui MeHIEe, HDK NpU OKHCHEHHI TJIIEpHH-€TAHONBHOI CyMillli HA TOMY > KaTajizaTtopi Npu
Tp =230 °C, xonu nocsranack 93 % CeNeKTUBHICTh 3a ETHIJIAKTATOM MIPH HABAaHTAXCHHI HA KaTai3aTrop
y 3 Mmmonb ['11/Txar/Tox [3]. OHI€IO 3 TPUYMH € T€, IO OKUCHEHHS MPOIJICHTIIIKOIIIO 10 MiBYPAII0 BUMATae

B/Biui OiJbIlIe KHUCHIO, HI)K OKUCHEHHS Thilepuny. [Ipu OibiioMy BMIiCTy KUCHIO B peakLiiHiN cymimri
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CTa€ MOXIMBUM TaKOXX NOOIYHE OKHCHEHHS E€TaHONy [0 aleTajblAeriny [6] 3 MomabIIor WOTro
aBJIONBHOI0  KOHJCHCAIlI€I0, a TaKoX YTBOPEHHSAM aleTaiiB ameraipiaeriny. Kpim mporo,
MIPOIMIJIEHIJIIKOJIb YTBOPIOE 3 €TaHOJIOM JiBa eTepH (1-eTokcu-2-mpomnaHost Ta 2-eTOKCH - 1-nponaHon), a 3
areTaBJACTIIOM IUKIIYHAA aneTtans — 2,4 mumeTwi-1,3-miokconad. Jliokcua 1iepiro, HAaHSCCHWH Ha
TJIMHO3€EM, 3a0e31edye Kpally CeJIeKTHBHICTh 3a €THJI JJAKTAaTOM Y TIOPiBHAHHI 3 KpeMHe3eMoM (Tadu. 1).

Ta6mauusa 1. Cuare3 eTrwiutakTary 3 npomniieHriaikomto (20 %) Ta eranony

Karanizatop Tp, °C L, umomeIT/ /0., X, % Sk, Mac. %
Tar/ ron MOJIb
10Ce0,/Al,04 220 1.6 0.9 100 45
10Ce0,/Al, 03 220 2.0 1 85 41
10Ce0»/AlL0O3 230 1.6 0.9 100 33
10Ce0,/AlL0O3 240 1.6 0.9 100 29
10Ce02/AlL03 250 1.6 0.9 100 31
10Ce0,/Al,04 220 2.1 0.9 95 34
10Ce0,/Si0, 240 1.6 1.4 100 10
10Ce0,/Si0, 240 1.6 0.9 100 25

Bizomo, 110 MeTaHON OKHUCIIOEThCS 3HAUHO Bakue Ha CeO2, HIXK €TaHOJ, 3a TeMIepaTyp BHIIE
250 °C [7]. Ans nmepeBipkd, MU IPOMYCTHIN Map MeTaHody B moromi noBiTps Hax 10Ce02/Al203 nmpu
230 °C i He BHUSBHIM NPOAYKTIB OKUCHEHHS MeTaHoiry. OKHMCHEHHS MPOMUICHIIIKOII0 B MPUCYTHOCTI
metanoiry Ha 10CeO2/Al203 103BoIs€ MIABUIIUTH BUX1 METHIUTaKTaTy 10 70 % 3a paXyHOK ITiIBUIIECHHS
CEJIEKTUBHOCTI YTBOPEHHS IHOTO IIJILOBOTO HPOAYKTYy (Tabm. 2). OnTtuManbHa Temrmeparypa peakiii
3HaXoAMThCA B Mexax 220+5 °C, monbHe cniBBinHomeHHs [11/02 = 1. HaBanTa)keHHS Ha KaTaji3aTop HE
noBuHHO mepeBuiryBaTH 1.6 MMonb III'/rar/Ton. 3a Takux ymoB nocsraetscsi 100 % koHBepcis

npomninieHraikos Ta 70 % CeNeKTHUBHICTh 32 METUILIAKTaTOM.

Taoauns 2. Cunres metwiniakTary 3 20 Mac. % po3unHy mpomniieHraikoito B Metanodi Ha 10Ce02/Al203

KaTayi3aTopi
Ty, °C L, MMOasIIl"/ rya.r/TON X, % S, mac. % Buxing MJI, %
190 1.6 80 55 44
200 2 50 65 33
220 2 72 62 45
220 1.9 90 63 58
220 1.7 100 68 68
220 1.5 100 71 71
220 1.6 90 70 63
220* 1.6 100 40 40

*) 10Ce0,/Si10;

Sk mpuknazg, Ha puc. 2 Ta 3 npexacrasieHo C SIMP cmekTp Ta XpoMarorpama HpOIyKTiB
okucHeHHs 20 % mpomineHriKoiab-MeTanonbHo1 cymini Ha 10CeO2/Al20O3kaTanizatopi micnsg 2 roauH
ioro poOoTH.

OuikyBanocs, 1110 B IPOAYKTaX OKUCHEHHSI METaHOJI-TIPOIIJIEHOBOI CyMillli He Oy/1e HOOIYHUX CHOTYK
TIEPETBOPEHHS arleTaiberiny. [Ipote, B MOOIYHUX MPOIYKTaX BHSBJICHO AIlETOTH Ta TIalleTHII, YTBOPCHHS
SKHUX BiIOYBA€ThCS 32 YUaCTi alleTabAeriny. AneToid (3-riqpokcu-2-0yTaHOH) MOXK€e YTBOPIOBATUCH 13 IBOX
MOJIEKYJI arleTalb/IeTiy, a JIaleTHI — P OKUCHIOBAJILHOMY JETiIpyBaHH1 aneToiny. OueBuaHO, MOOIYHEe
YTBOPEHHSI alleTaIbJCTINy BiIOYBAa€ThCSI BHACTIIOK aJIbJOJBHOI JCKOHIICHCAIl TiIPOKCHAIICTOHY Ha
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areTanpAeria i GopManbIeTii, a TaKoK AECTPYKIi METHUIAKTaTy 3 BHIUICHHS MeTwidopMiary, SKAi
CTIOCTEPIraeThCsl B MPOAYKTAX PEAKIIii.

MeOH

— MIJI
—MIJI

nr

—MJL

—— — MJIL

Aol N

T T T T T T T
200 150 100 50 0

ppm

Puc. 2. '°C SIMP cnexrp npoaykTis okucHeHHs 20 % IIPOILIEHIIIKONb-METAHONBHOI CyMimni Ha
10Ce02/Al203 micns aBox roaun podotu (220 °C, 1.6 mmoub [1I/Txar /T01T)

MeOH

4000

3000 —

2000

1000

1 m
e S LMJJ\_J\%
= T T T T T T T

T T .7
2 4 G min
Puc. 3. Xpomarorpama MpPOIYKTIB OKHCHEHHS 2 % TPONUICHIJIIKOIb-METAHOIBHOI CYMIIlli Ha
10Ce02/Al203 micns aBox roaun podotu (220 °C, 1.6 Mmounb [T /Txar /TON)

Tt CeO2/Al203 xatamizaropa XapakTepHHM € JIOCUTh TPHBAIHMK TEpioj aKTUBAIi, A0 3 TOAWH
(puc. 4). lami, ciocrepiraethbes mepion 5-6 roaun crabinbHOi podoTH. [Ticis boro BinOyBa€eThCs MOBLTHHE
3MEHIIICHHS KOHBEPCii TIIKOJII0, a TaKOX CEJICKTUBHOCTI 32 MeTH/UTakTaroM. Lle MokHa moB’si3até 3
MOJTIMEPHU3ALIIEI0 YTBOPEHOTO METHIUIAKTATY Ha IMOBEPXHI KaTasi3zaTropa.

Jlns pereHeparlii, KatanizaTop HarpiBaau B moToui noBiTps (20 cM/xB) npu migiiomi TemnepaTypu
Big 220 °C no 350 °C ta BurpumyBaim ripu 350 °C Buponosx 2 ronus. Ilicns perenepariii ceIeKTHBHICTh
3a METWJIAKTaTOM CTaHOBWIIA 65 % mpu HaBaHTaKeHH] Y 1.6 MMOJBIIT /Txar/TON. [TOpIBHAHHS OKMCHEHHS
TIIEpUHY, TIAPOKCHALETOHY 1 mpomiyeHraikomo B 20 % cymimmn 3 €TaHoIOM 10 eTHJUIAKTaTy Ha
10CeO2/Al203kaTanizaTopi mpeaCTaBICHO B Ta0MI. 3.

OpepkaHi pe3ysNbTaTH MO OKWUCHEHHIO TJIIEPHHY NPAKTUYHO CIIBNAJAIOTh 3 JaHuMH [3].
OKHCHEHHSI 32 THX CaMHX YMOB IPOMUICHTJIIKOJNIO Ta TIAPOKCHAIIETOHY € MEHII CEJIEKTUBHHM IIO

BITHOIICHHIO 10 eTWiuiakTary. lIpore, y BCiX BHIIaAKaxX yTBOPIOIOTHCS ONHM3BKi 3a MPHPOJOI0 MOOIUHI
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nponykTu. [lepeBara 3acToCyBaHHSI MPOIUICHTIIIKONIO, 3aMICTh TJIIEPHUHY, IOJSTae€ B CIPOIICHHI
YTBOPEHHS PEAKIIIIHOI Tra30-11apoBOi CYMIllli, [0 BAXKIIUBO JIJISI BAKOPUCTAHHS B TIPOMHUCIIOBOCTI.

== 100
=zl A .
oA
s
a0
4a
20
a
a 2 4 g g 10
Yac, roa

Puc. 4. 3minu KOHBEPCIT MPOMUICHTIIKOIO (0) Ta CEIEKTHBHOCTI 32 METHJUIAKTATOM (@) B 9acy poboTu
10Ce02/Al203 karanizatopa (220 °C, 1.6Mmoutb I1I'/Txar /T0OT)

Tabauus 3. TTopiBHSHHS OKHMCHEHHS TIIICPUHY, TIIPOKCHAIIETOHY 1 MIPOITUICHTIIIKOIIO JI0 €THIIIAKTATy
Ha 10Ce02/A1203 (220 °C, 2 MMOJIB/Tkar/TON)

Buxinna peuoBuHa Yac KOHTaKTYy, C OCHOBHI MTOOIYHI MPOYKTH X, % Sen,%
. TiIPOKCHUAIIETOH, €TOKCUETAHO
I'ninepun 3 AP ! > ’ 80 87
etundopmiat
I'iapokcuamneron 4 €TOKCUETAHOJI, €T (hopMmiar, areToiH 85 53
. . TiIPOKCHANIETOH, ETOKCHETaHOI
[Ipomninenrmkons 3 P HeTOH, .. ’ 85 41
etundopMiar, areToiH
Bucnoexu

3a 0IHAaKOBUX yMOB MPOBEACHHS KaTAJTITHYHOTO CHHTE3Y METHJUIAKTAT YTBOPIOETHCS 3 BHIIOIO
CCJICKTHBHICTIO, HIDK €TUJIJIAKTaT.

Mertumnakrat 3 Buxoaom 1o 70 mac. % moxHa onepxatu napodasaum okucHeHHIM 20 % cymirri
MIPOMIICHTIIIKOMII0 3 METAHOJIIOM KHCHEM TMoBiTps Ha HaHeceHoMy CeO2/Al203 karamizatopi mpu
210-220 °C 3 yacom KOHTaKTy 3-4 Cex.

Jimepamypa

1. Tarent 145097 Yxpaina CO7C 69/75 bpeit B.B., lyupkuii 1.B., Illapanga M.€., Bapsapin A.M., JleBurpka
C.I., Munin AM., [pyxniyc C.B., 3inyenko O.}O. Crnoci06 onepxanns naktuay 3 Cs mouioniB. YkpaiHa.
26.11.2020.

2. Hamad K., Kaseem M., Yang H.W., Deri F., Ko Y.G. Properties and medical applications of polylacticacid:
Areview. Polymer Letters, 2015, 9(5), 435-455.

3. Mumnin A.M., Bpeii B.B. CenextrBHa KOHBEPCisl €TaHOIBHOTO PO3UMHY riinepuHy B eTriuiakraT Ha CeO»/AL O3
katamizaTopi. Ykp. Xim. XKypn., 2016, 82(2), 79.

4. Purushothaman R., Haveren J., Es D. et al. An efficient one pot conversion of glycerol to lactic acid using
bimetallic gold-platinum catalysts on a nanocrystalline CeO, support. Appl. Catal. B., 2014, 147, 92—100.

Catalysis and Petrochemistry, 2023, 34



Kamaniz ma nagpmoximis, 2023, No34 91

5. Montini T., Melchionna M., Monai M., Fornasiero P. Fundamentals and catalytic applications of CeO,-based
materials. Chem. Rev., 2016, 116, 5987.

6. PomanoBa U.B. Karanutuueckas akTUBHOCTh OKCHJIOB MEIH W IICPHs B PEAKIIMU OKUCIICHUS dTaHoNa. Ximis,
@izuxa ma mexnonozis nosepxui, 2010, 1(4), 436—440.

7. bpeit B.B., Munin A.M. OKUCHEHHS CHHPTIB Ha IEPiH-OKCHAHOMY KaTali3aTopi: KOPEJIlis MiXK EHEepricro
aKTHBALii peakii i ximigaum 3cysom & (R'*COH). Vip. Xin. Kypnu., 2019, 85(5), 117.

References

1. Ukrainian Patent 145097 CO7C 69/75; 26.11.2020.

2. Hamad K., Kaseem M., Yang H.-W., Deri F., Ko Y.G. Properties and medical applications of polylactic acid:
Areview. Polymer Letters, 2015, 9(5), 435-455.

3.  Mylin A.M., Brei V.V. Selective conversion of an ethanolic solution of glycerol into ethyl lactate on CeO»/Al,O;
catalyst. Ukrainian chem. J., 2016, 82(2), 79—-83. [in Ukrainian].

4. Purushothaman R., Haveren J., Es D. et al. An efficient one pot conversion of glycerol to lactic acid using
bimetallic gold-platinum catalysts on a nanocrystalline CeO, support. Appl. Catal. B., 2014, 147, 92—100.

5. Montini T., Melchionna M., Monai M., Fornasiero P. Fundamentals and catalytic applications of CeO,-based
materials. Chem. Rev., 2016, 116, 5987.

6. Romanova [.V. Catalytic activity of copper and cerium oxides in the reaction of ethanol oxidation. Chem. Phys.
Techn. Surface, 2010. 1(4), 436—440. [in Russian].

7. Brei V.V., Mylin A.M. Oxidation of alcohols on a cerium oxide catalyst: correlation between the activation
energy of the reaction and & (R'>*COH) chemical shift. Ukrainian Chem. J., 2019, 85(8), 66—72. [in Ukrainian].

Haoitwna 0o peoaxyii 19.07.2023

Vapor-phase oxidation of propylene glycol-methanol mixture to methyl lactate on
Ce02/ALL0O; catalyst

Mykhailo E. Sharanda !, Artur M. Mylin !, Oleksii Yu. Zinchenko 2, Volodymyr V. Brei !

! Institute of Sorption and Problems of Endoecology of National Academy of Sciences of Ukraine
13 General Naumov Str., Kyiv, 03164, Ukraine, brei@ukr.net

2 LTD “Techinservice Manafacturing Group”

1 Makiivskyi Bystr., Kyiv, 04114, Ukraine

The vapor-phase oxidation of mixtures of propylene glycol with methanol and ethanol to methyl and ethyl
lactate, respectively, on supported CeO»/Al,O3 catalyst at 210-250 °C was investigated. Air oxygen and a flow
reactor with a fixed catalyst bed were used. A 20 % solution of propylene glycol in alcohol was supplied to the
reactor inlet. Oxidation of propylene glycol in the presence of methanol occurs according to the overall reaction
CH3;CHOHCH,OH + O, + CH30H = CH3;CHOHCOOCH; + 2H;0. First, hydroxyacetone is formed, which is
further oxidized to pyruvic aldehyde, which adds alcohol to form a hemiacetal. Next, hemiacetal of semiural is
rearranged according to Cannizzaro into methyl lactate. At 220 °C and catalyst load < 2 mmol PG/gc/h, the
selectivity for methyl lactate reached 70 wt. % at 100 % propylene glycol conversion. In the presence of ethanol,
the formation of a significant amount of acetaldehyde and its aldol condensation products, as well as the formation
of diethoxyethane, was observed. Therefore, the selectivity for ethyl lactate at 100 % propylene glycol conversion
did not exceed 45 %.

Keywords: methyl lactate, lactide, propylene glycol, cerium dioxide, supported catalyst
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Po3pobka HOBIiTHIX pecypcoedeKTHUBHUX MiJXO0/1iB 10 BUPillIEHHS MPO0JeMu
OYMCTKH HAPTOBMICTHUX CTIYHUX BOJ

Ouaexcanap I1. XoxorBa, Ouena I. IBanenko *, Okcana M. TepeneHko

Hayionanvnuii mexuiunui ynigepcumem Yxpainu « Kuigcoxuti nonimexuiunuti incmumym imeni leops Cikopcbkozo»
npocnexm Ilepemocu, 37/4, Kuis, 03056, Ykpaina, e-mail: olenka.vasaynovich@gmail.com

B crarTi BimzHaueHO, m0 3a0pyTHEHHS MOBEPXHEBUX BOTHHX 00 €KTIB HAQTOHNPOMYKTaMH y CKIai
cTiunmx BoA B YkpaiHi y 2020 pomi csarayno 246.6 T. [lns BogHHMX opraHisMiB HadTa i HaQTONPOAYKTH €
BHCOKOTOKCHYHUMH PEUOBHMHAMH Ta BIIHOCATHCS IO TPYIH HEPBOBO-TAPATITHIHUX OTPYT. BUTBIIICTH CTIYHHMX
BO/JI, 1[0 YTBOPIOIOTHCS CHOTO/IHI B IPOMHUCIIOBOCTI, MOBHHHI OyTH OYUILEHI Bil HAQTONPOIYKTIB Mepes CKUIOM B
JOBKLIJIS, IPOTE iICHYIOUi TEXHOJIOTI] OYMCTKH HE TOBHICTIO BiJIOBINAIOTh Cy4acHUM BuUMoraMm. ExexTpoxiMiuHi
METOAN OYUCTKH MAIOTh PsIJl CYTTEBUX IepeBar nepej] peareHTHUMHU METOJaMU: He MiJBHUILY€EThCS BMICT COJIEH y
BOJI, IO Bif[irpae Ba)XJIUBY POJIb NPU OpraHizaiii 00OpPOTHHX CHCTEM BOJIONOCTAYaHHS,; YTBOPIOETHCS MEHIIA
KUTBKICTh OCaJy; CHPOIYEThCS TEXHOJIOTIYHA CXeMa OYMCTKH; BiJllagae HeoOXiIHICTh B OpraHi3allii peareHTHOTO
TOCIIOJIAPCTBA; JUIA PO3MIIIEHHS ENIEKTPOXIMIYHUX OYHCHUX YCTAaHOBOK MOTPiOHI He3HA4YHI BUPOOHWYI ILIOMI.
Excrnyararis eeKTpUYHUX OYMCHUX YCTAHOBOK MPOCTA 3 OIVIAAY Ha X BUCOKY TEXHOJIOTIUHICTH 1 MOXKJIMBICTh
aBTOMaTH3alii.

B pesymeraTti mocmigpkeHb BHU3HAYEHO ONTHMANBHI YMOBH EIEKTPOQIIOTALIHHOI OYHCTKH BOAHM BiX
HaTOmPOMYKTiB. JlOCTiIKEHO 3aJeKHICTh CTYIEHS OYHCTKH BiJ MaTrepianry aHoxy, pH BUXimHOTO po3uwHy Ta
TYCTHHHU CTpyMy. BcTaHoBIeHO, 110 Haiikpamuii eQekT nocsraeTbes B AianazoHi pH 5-7 mpu rycTuHax ctpymy
0.25-0.3 A/am?. B mpucyTHOCTI cynb(aTiB O4MCTKA TIPOTIiKaE Kpalle, HiX B TIPUCYTHOCTI XJIOPHUIiB, OCKITBKH i0HH
Cl" iaTeHCH(bIKYIOTh TOYKOBE BHUKPHUITYBaHHS MaTepially aHOTy. 3 MOCTIDKEHUX MaTepiajliB, SK aHOJ, MOXHa
pexoMeHnyBatu ctanb 08Km. BuBUEHO Xapakrep eNeKTpOXiMIYHOTO po3unMHeHHs ctami O8KN B 3aeXHOCTI Bif ii
nornepeaHbpoi 0OpOOKH Ta BIUTMB Takoi 0OpOOKHM Ha CTYMiHb OYMCTKU BOAM Bin HadTompoaykTiB. [lokazaHo, mo
mpu 1oaBaHHi B HaroBMicHY Boay cynbhonony HII-3 3 dmokymnsarom BITIK-402 yTBOprO€ThCS HEPOIUHMHHUHN Y
BOJII KOMIUTEKC, SIKAH CIIpHsIE O1IBIT IIOBHOMY OYHIIICHHIO BOMU Bill HAdTH 1 HADTOMPOIYKTIB.

Knrouoei cnosa: HadTONPOAYKTH, CTIYHI BOJU, OYHACTKA, eNeKTPOdIOTAIlis

Bcmyn

[Iupoke i pi3HOMaHITHE 3aCTOCYBAaHHS y HapOJHOMY TOCIOAAPCTBI HAPTOMPOIYKTIB TaKHX SK
NaJIUB, 1HAYCTpiaIbHUX Macel, MacTHJI, eMYJIbCii, PO3UMHHHKIB MPU3BOAUTH JI0 TOTO, IO CTiUHI BOJIU
Maibke BCIX MPOMHCIOBHMX 1 TPAHCIOPTHHUX MiANPUEMCTB y PI3HHUX KIUIBKOCTAX MICTATh Ha(TOBI
3a0pynHeHHs. JDkepenamMu CTIYHMX BOJ € JOIIOBI 1 Tami BOIW, fAKI 3a0pyAHIOIOTHCA HadTOIO,
HaTONPOAYKTAMH, peareHTaMH, MEXaHIYHUMH JOMIIIKaMH, TMPOTIKAIOYM 10  MailaH4YuKax
TEXHOJIOTIYHUX YCTAaHOBOK 1 pe3epByapHHMX MapKiB. 3a0pyAHEHHS MOBEPXHEBHX BOJHHUX 00 €KTIB
HaTONMPOAYKTAMH Y CKJIajl CTIUHUX BOoA B YKpaini y 2020 pomi csarayno 246.6 1 [1]. Skmio Bpaxysaru,
10 Maca Ha(TU Ha MOBEPXHi BOAM Y BUIJISI IUTiBKH, 0 HE PO3PUBAIOTHCA XBHIIAMH, cKaanae 1.2 r/m>
[2], TO MOXHa TPUITYCTUTH, IO 3a0pyAHEHA MOBEPXHS BOJHHUX JUKEpesl TOHKUM ImapoM HadTu Ta
nadronpoayktis y 2020 poui cranosuna 205.5 M M2, BizoMo, 110 MOBEpXHEBA MACISHKMCTA IUTiBKA
HapTH Ta HAPTOMPOMYKTIB, MOPYIIYyIOYW Ta3000MiH BOJOWMHUINA, CTBOPIOE Ne(IIMT KHUCHIO Ta
NpU3BOAMTE 10 acdikeii pub. OKpiM TOro, BOJOPO3YMHHI CIOIYKHU JIETKO MPOHUKAIOTH B OpraHi3M pHo
Ta npu KoHueHTpauii HadpTu 0.1 mr/am® M’sico puOu HabyBac HEYCYBHOTO «HA(TOBOTO» 3amaxy i
npucmaky [3]. [na ixkpu, momoni puO i pakomomiOHUX 3ryOHOIO BUSIBISIETHCS KOHIIGHTpalis HadTH
Beporo nume B 0.01-0.1 Mr/mam?, Toai SIK Ha 0OpOCITi OPraHi3MH Taka KOHIEHTpAIlisl HE Mae TOKCHYHOI
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nii. HeraTuBHUiA BIUIMB IUIIBKOBUX HAaTONPOAYKTIB B KoHueHTpamisx 0.001-10 mr/am’ mozHadaeTbes
TAKO’)K Ha PO3BUTKY BHIIOi BOJHOI pociamHHOCTI. TokcmuHa xaist HadTH 1 HaTONPOIYKTIB Ha
300IIAHKTOH TOYMHAEThCS NpM KoHueHTpamii 0.001 Mi/aM°, a TpH KOHIEHTpawii Ha(TOBMiCHOIO
3a6pynHioaya 0.1 mr/am° 300mnankTod rune [3]. i BOZHUX OpraHi3MiB HagTa i HaQTONPOLYKTH €
BHCOKOTOKCHYHHMH PEYOBHHAMH Ta BITHOCSTHCS A0 TPYITH HEPBOBO-TIAPATITHYHUX OTPYT.

3riIHO Cy4acHUX BHMOT HOPMATHBHHX JIOKYMEHTIB BMICT HA(QTOMPOIYKTIB Y CTIYHUX BOJAX, 1110
CKHMJIAIOThCS B MIChKi KaHaJi3aliiiHi cucTeMH, He OBUMHEH nepeBuntysatu 10 mr/am® [4], B moBepxHeBi
BofoiiMu - 0.3 mMr/mm? [5]. ToMy GiIbIIICTE CTIYHMX BOJI, IO YTBOPIOIOTHCSA CHOTO/IHI B HPOMUCIIOBOCTI,
MOBUHHI OyTH OYMILIEHI Bl HAQTONPOAYKTIB MEpPe]] CKUAOM B JOBKULISL. ICHYIOYI TEXHOJIOTII OYUCTKU
BOJAM BiJ HA(PTOMPOAYKTIB HE TOBHICTIO BIAMOBIIAIOTH CyYaCHUM BuMoram. llporiecu BiaaijeHHS
OpPTaHiYHUX JIOMIINIOK B Ha(TOBIIOBIIOBAYAX XapaKTEPHU3YIOTHCS HEBHCOKOIO MPOAYKTHUBHICTIO Ta
epexTuBHICTIO. DI3UKO-XIMIYHI METOAM BUMAraloTh 3aCTOCYBaHHs JOPOTHX MaTepialiB Ta pearcHTiB,
3HaYHUX EHEPreTUYHHX BUTpAT. 3aCTOCYBaHHS COPOEHTIB B 3HAUHIA Mipl OOMEXYETbCSI CKIAIHICTIO
MPOIIECiB BIJHOBJICHHS iX €MHOCTi. TOMy iCHye HEOOXiTHICTh y BIOCKOHAJCHHI ICHYIOUHX METOJIIB
OYMILIEHHSI BOAM BiJl HA()TONPOAYKTIB, CTBOPEHHI HOBUX ITiJIXO/IB 0 BUPILICHHS POOIEMH.

EKOHOMIYHO 1 TEXHOJOTIYHO AONUIBHIIIE OYMINATA OKpeMi CrerudidHi IeXOBi CTiUHI BOAM B
JIOKAJTBHUX criopyaax. OIHAM 3 TaKuX 3ac00iB € METO/ eNeKTPOoQIIoTAaLil, SKUH CTBOPIOE CIIPHUATIINBI YMOBH
JUIS YTWI3alii HIHHUX KOMIIOHEHTIB 1 3/ICIIEBJIECHHS MPOLECY YTBOPEHHS KOHIEHTpaTiB. BukopucraHHs
€JIEKTPUYHOTO T0JIs 103BOJISIE POBOJIUTH O€3peareHTHy OuMCTKY BoA. [Ipu 1iboMy Biamnanae HEOOXIIHICT
JOCTAaBKM PEareHTiB, €MKOCTeW Uil 30epiraHHs 1 NMPHUTOTYBaHHS, CHCTEMH iX BBOIY, pO30aBIOBAdYiB,
KOarynsiTopiB, Hacocy. KpiM Toro, aisi po3MillleHHS BKa3aHMX OYMCHUX IPUCTPOIB MOTPiOHI BeNMKi
BUPOOHMYI TUIONI, 1, II0 HAMTOJIOBHIIE, IIi CIIOPYAM HE MAaIOTh CTA0UIBHOI OYMIIYBaJbHOI 37]aTHOCTI B
npoueci poOot. Ekcrumyartarlis eNeKTpUYHMX OYHMCHHUX YCTAaHOBOK MPOCTa 30IVILy Ha I1X BHCOKY
TEXHOJIOTTYHICTH 1 MOKJIMBICTh AaBTOMATHU3aLIi].

Oco0nuBicTe MeTOy enekTpodIoTalii monasrae y Tomy, Mo MiJ Ji€l0 MOCTIHHOTO €JIeKTPUYHOTO
ctpymy mpu cepennix (100-500 A/m?) i Bucokux (500-1000 A/M?) 3HAUEHHAX TI'yCTMHH CTPyMy Ha
eNIeKTPO/IaX, B PiinHi, III0 MICTUTh YaCTUHKHU 3a0py/JHEHb, OIHOYACHO MPOTIKAIOTh 1B OCHOBHUX IPOIIECH:
1) xoarymsiist 3a0pyAHEHb i AI€10 €IEKTPUYHOTO MOJIS;

2) dopmyBaHHS 1 3aKpiljieHHs OyNbOAIIOK ENeKTPOJIITUYHOrO Tra3y Ha IOBEPXHI CKOAryJbOBaHHUX
9acTOYOK, 110 3a0e3Medye X HACTynHy ¢uioTarlito [6].

[Tponiec enexTpoduioTamii MOXe MPOTIKATH TNPU BUKOPUCTaHHI SK PO3YMHHUX (3al1i30,
aJIIOMiHIN), Tak 1 HEpO3UMHHMX (ITUIaTUHA, Tpadit, TUTaH) aHOAIB. BcTaHOBIEHO, MO €()EKTUBHICTDH
OYMCTKHM HA(TOBMICHUX CTIYHHX BOJ NMPH BUKOPHCTAHHI PO3UMHHMX (QITIOMIHIEBUX) €JIEKTPOIIB BHIIE,
HDK TIpU BUKOPUCTAHHI HEPO3UYMHHUX (TpadiToBUX) enekTpoxiB. lle MoB’d3aHO 3 €IEKTPOXiMIYHUM
PO3UMHEHHSIM QJIIOMIHIEBUX AHOJIB 1 YTBOPEHHSIM B OYMIINYBaHill piMHI aKTUBHUX OKCHIiIpaTiB
QJIIOMiHIIO, SIKI MalTh COpOLiHY Ta aAre3idHy 30aTHICTh BIJIHOCHO BHMCOKOJUCIIEPTOBaHMX i
PO3UMHEHHUX HA()TOMPOIYKTIB.

Mertoto naHoi poOOTH € JOCHIHKEHHS MPOLECYy OYMUCTKH BOAM BiJl HA(PTOMPOIYKTIB METOIOM

enlekTpodIoTalii 3 BUKOPUCTAHSIM aHOJIB 3 PI3HUX METaJliB.

Excnepumenm
[Iporiec O4yMCTKM BOAM BiA HAPTONPOAYKTIB METOJOM eJeKTpodoTarii JOCTiIKYBaIH 3

BUKOPUCTAHHSAM aJIFOMiHIEBOTO, TUTAHOBOTO 1 CTaJIeBUX aHOMIB. Jlocmiay mpoBoauau Ha 1abopaTopHii
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enexktpoduioTamiiHiii  ycraHoBmi (puc. 1). YcraHoBka mpamroBajga B TakoMmy pexumi. Boma 3
pesepByapa 2 mojaaBanach y QuioTaliiHy KoyioHy 1 depe3 martpyOok 3, omyckajach MOBIJIBHO BHH3 TIO
MDKTPYOHOMY TPOCTOpPY, MigHIManacs Bropy Mo BHYTpimHIA TpyOi. OuuineHa Boja OmycKajgacs IO
MDKTpYOHOMY TIpOCTOpPY 4 10 BUXITHOTO MaTpyOKa 5, mpoxoauiia 4epe3 MPUCTPid s MiATPUMYBaHHS
MOCTIHHOTO PIBHA BOJAW B YCTaHOBI 6 1 30upamacst B pe3epByapi uuctoi Boau. llpm mpomy Ha
€JIEKTPO/IM 8 TMOJaBaBCs MOCTIMHMI CTpyM 3 BHUIpSAMISYA, 110 3a0e3MedyBaB €JIEKTPOJIi3 BOAM Ta
BHJIUIEHHS OyJnbOariok rasy. Ilina 30upanacs y BepxHild YaCTHHI KOJIOHH 1 BIIBOJIMJIACS Yepe3 JIOTOK 7.
[IBuaKicTe TOAA4YI BOAW B KOJOHY BCTAaHOBIIOBajacs peryistopom 9. Ilicns 3akiHueHHS poOOTH
YCTAaHOBKY CITOPOXXHIOBAJIH, BIAKPHUBIIH KpaH 10.

¢ — o

10

Puc. 1. Cxema nabopatopHoi eaeKTpodIIoTaIiifHoi yCTaHOBKH HenepepBHoi aii: 1 — enektpo-¢uorarop; 2
— pe3epByap 3 HAPTOBMICHOIO BOJIOK; 3 — maTpyOok moaayi HadTOBMICHOT BOJU; 4 — YaCTHHA YCTaHOBKH 3
OYMIIIEHOIO BOJIOIO; 5 — MaTpyOOK BifOOpY OUMIIEHOI BOAW; 6 — MEpeNuB IS MiITPHUMAHHS MOCTIHHOTO
pIBHS BOAM B YCTAHOBII; 7 — JIOTOK BiAOOpY MiHH; 8 — OJIOK €IEKTPOIiB; 9 — PEryJIsaTOp MBUAKOCTI MOIavi
Boau; 10 — kpan

JI71s1 OYMCTKY BUKOPHCTOBYBAIUCS MOJIENIbHI €MYJibeii HadTH y BOI 3 KOHIIEHTpariewo Big 17 no
29 mr/mm>. 3acTOCOBYBaNM: PO3UMHHI aHOMM - amoMiHieBmit Mapku AJI-31, cramesi cramp 20 i cTamb
08k, Hepo3unHHMM - TUTaH. Karon - crane 12X18HIO0T. I1noma koXHOTO eleKkTpoaa ckiaaana 3 M.
EnexrponpoigHicTe po3unHiB cTBoproBanu nofaBaHHsaM NaCl abo NaxSOs B Takiil KitbKocTi, o6 ix
KOHIIEHTpallisg B po6ourx po3ynnax 6yma 200 mr/am’. IIpouec o4MCTKU BOAM Bifl HAQTH KOHTPOJIIOBAIN
eKCTpaKIiHO-CTIeKTpooTOMETpUIHIM MeTooM [7]. B oumimeHili BOJI KOHTPOJIOBAIH 3aTUIIKOBY
KoHIeHTpanio Fe*" GoTokonopuMeTpuuHIM METOI0OM 3 CybhocaTinuaaToM Hatpiio [8].

Jns nanoi enekTpodoTamiifHol yCTaHOBKH BCTAHOBIIIOBAJIHM INBUIKICTH MPOITYCKAHHS BOIH
Yyepe3 yCTaHOBKY, MPH SIKiil OTPUMYIOTHCS Kpamli pe3yabTaTd. J{Js iboro BOAy MoJaBaNIN 31 MIBUIKICTIO
B mianasoni 10+70 cM?/xB mpu 3actocyBanHi aHofa AJI-31 B HelTpambHOMY cepenoBHILi. IIpu HEOMY
aHOJHA I'yCTHHA CTpyMy cTaHoBuna 0.2 A/nm%. B ounmieHiit Boji BU3HAYAIM 3aIUIIKOBY KOHLIEHTPALIIO
HaTONPOIYKTIB.

EdextuBnicTh ouncTk (S) po3paxoByBaiu 3a (OpMYIIO0:
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S=(1—%j-100%, (1)
0]

e CK - 3aIMIIKOBA KOHLEHTpalis HadpT y Boi, Mr/am>, Co - moyaTkoBa KOHIEHTpaLlis HaTh y BOJi,
mr/am3. JIocTiKyBai 3aJ1€kKHICTh CTyTIEHs OUMCTKHU Bifl pH BHXigHOrO po3unHy B Aianasoni 1-+11 npu
BUTpartax Boau 25+35 cm>/xB. I BCTaHOBIEHHS 3a1aHuX BennauH pH kopucTyBanuch pozunHamu HCl
i NaOH 3 xonnentpaniero 0.1 Monb/amM>, iHIIi yMOBHU JAOCHI/IB SK y IOHEPEJHBOMY BUIAJKY.

Jlist mopiBHSHHS €pEeKTUBHOCTI pOOOTH aHOAIB 3 PI3HUX MaTepialliB 3HIMAJIH 3aJIe)KHOCTI eheKTy
OYMCTKH BiJl aHOJHOI T'yCTMHH cTpyMy B fianmasoni 0.03+0.3 A/aM? npu onTuMaibHUX 3HaueHHAX pH i
IIBUJIKOCTI IIPOTIKAHHS BOAM Yepe3 YCTAHOBKY, AKi OyJIM BCTAHOBJICHI Y MOMEPEAHIX JOCTiIaX.

JUis BHBUEHHS peXHUMy poOOTH enekrpoga 3i crami O8Km JOCHiKyBalIM 3alieKHICTh
IHTEHCUBHOCTI €JIEKTPOXIMIYHOTO PO3YMHEHHS 3ajli3a BiJl MOMNepenHbOi OOpOOKH eleKTpoda Ta
NpUKIaaeHoi Hampyrd. MeToauka TMpOBEACHHS EKCIEPUMEHTY Taka. 3acTOCOBYBadM 4 BHIU
NoTepeIHbOi 00POOKH €IEeKTPOIiB:

1) 6e3 0OpoOKH;

2) macuBaitisi B po3unHi HNO3 3 koHIIEHTpaIli€ro 3 MOJIB/ M npotsirom 15 xB;

3) anomyBaHHs B TakoMy K po3unHi HNOs3 3 npomyckanusm ctpymy 0.6 A potsrom 10 xB;

4) mpoTpaBoBaHHs enekTpody B po3unHi NaCl 3 koHueHTpaniero 2 /1M’ 3 OpoOmycKaHHSAM CTPyMy
0.5 A mpotsarom 10 xB.

B ocrannix nBox mocrmigax anogoM OyB enekTpon 3i ctami 08km. Ilepen oOpoOKkoro enexTpoau
3ayuIaId IUTiQyBaJbHOIO IIKiIpKOro. st KokHOrO nochigy Opanu HOBUM enekTpoi. ExcriepumeHT
TIPOBOMIIA Y CKJIAHII, Ky u BHOcHId 0.5 mm® posumny NaxSOs 3 konnentpamiero 400 mr/am’. Ctpym
nponyckaiau npotsroMm 15 xB. [licas 3akiHYEHHS KOXXKHOTO JOCHIAYy (OTOMETPUYHHM METOAOM
BU3HAYaJM KUIBKICTh 3aI1i3a, fIKa NepeiIia B pO3YMH BHACHIIOK €JIeKTPOXIMIYHOTO POZYMHEHHS aHOY .

AHomM, 00poOJIeHI ONMMCAHUMU BHILE CIIOCOOAMU, BCTAHOBIIOBAIH B €IIEKTPOJHI OJOKH IS
MOPIBHAHHS iX poOOTH MPH €NEKTPOQPIIOTALIHHIN OUNCTIII.

Jlis mokpaieHHs BUAAJCHHS HA(TOMPOIYKTIB 3 BOAM B Iporecax (orarii 3acToCOBYBalu
noBepxHeBo-akTuBHI peuoBuHU (ITAP) 1 karioHoakTuBHi (okynsHTH. [IpoBoaumuM cepito 1OCHiAiB, B
AKHX B OKpeMi mpobu 3abpyaHeHoi HadToro Boau BHocuu ITAP cynsdonon HII-3 B mo3zax 0-5 mr/mm?,
a B iHIMX 110 P00 BoaM 3 BMicToM cyibdonony HII-3 1 ta 2 mr/+am® nopasanu duokyasat BITIK-402
nozamu Big 0 mo 10 mr/mv® i ButpumyBamu 30 xB. Boay 3 BHECEHMMH pEarcHTaMM MOJABAIH B
enektpopnorarop mpu pH=6, Burpari Bomu 30 cm’/xB, ryctumi ctpymy i=0.3 A/am?,
BUKOPUCTOBYIOUH AJIFOMiHI€BUH aHOI.

Pezynomamu ma ix 062060penns

[TonepeHe BUBUYEHHS 3alieKHOCTI €(EKTUBHOCTI OYMCTKHU Bif CKJIaay (OHOBOTO ENEKTPOIITY
MoKa3ajlo, 0 B IPUCYTHOCTI XJIOPUJIB OYMCTKA MEHII e(eKTHBHA. 3 MiABMIIEHHSM MPHUKIAACHOI
Hampyrd TOps] 3 €JNEeKTPOXIMIYHUM pPO3YMHEHHSM Marepialy aHOAy CIIOCTepIra€ThCsi TOUKOBE
BUKpHILYBaHHA enekTpoay. Ilpudyomy y Bumanky anomy 31 crtami 20 B mpucyTtHocTi ioHiB Cl°
BUKPUIIYBaHHS OYMHAETHCS TIPH HUKYUX 3HAYEHHAX HANpPYTH, Hix B npucyTHocTi SO42~. Boza micis
OUYHCTKM HaOyBae YOPHOTO KONIBOpPY uepe3 MpiOHoAMCIIepcHE MeTaiiuHe 3aiizo. ToMmy Hamami sK
(hOHOBHUIA €IEKTPOIIIT BUKOPUCTOBYBAIH po3urH Naz2SOa.

[Tpu mocmikeHH] 3aMeXHOCTI €(heKTUBHOCTI OUMCTKH Bif pH BUXiTHOTO po3uuHY B Alama3oHi
pH = 1-11 ans BcTaHoBneHHs 3amanux 3HadeHb pH kopuctyBamuch 0.1 M pozunau HCI 1 NaOH. [lns
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QITIOMIHIEBOTO aHOMYy Kpallll pe3yJbTaTH JIOCATaNIHMCS B JAianma3oHi 3HadeHb pH =5-7, npu skxux
CIIOCTEPIraeThCs MaKCUMaJbHE YTBOPEHHS IUIACTIBIIB KOAryJasHTY (pHUC.?2), IO Y3TOKYETHCS 3
mitepatypuumu  nanumu [9]. Coig 3ayBakuTd, 1o e iHTepBan pH chpuse OLIbIl TTOBHOMY
MPOTIKAHHIO TIAPOJi3y aIIOMIHIMBMICHUX KOAryjsHTIB npu peareHTHid ouuctii [10]. Tomy B
MOJANTBIIHNX JTOCIPKEHHSIX BUKOPUCTOBYBAIIM MOJICIIbHI po3uuHm 3 pH = 6.
5, %
100,00 -

96.00 -
92.00 -
88.00 - 2

84.00

80,00 T T T ]
0 3 6 9 12

pH
Puc. 2. Brmus pH Ha eeKTUBHICT OUMCTKH BOAM BiJ HA(TOMPOIYKTIB MPU BUKOPHUCTAHHI amoMiHieBoro AJl-
31 (1) Ta cranesoro 3i cram 08k (2) aHOIIB

[Tpu nopiBHsHHI eeKTUBHOCTI POOOTH aHOAIB 3 PI3HUX MarepianiB OyJI0 BCTAaHOBJIEHO, IO OYMCTKA
HaliOUIbII eeKTHBHA TIPK aHOIHI TycTuHi ctpyMy Bumie 0.08 A/mv? (puc. 3). Jna anoxis AJI-31 i crams 20
rpadik mpsAMye 10 TIeBHOT acumToTH. OuncTKa HalHOUTbI edexTnBHa B miamasoni 0.25-0.3 A/mm>. Jlna crarmi
O8KIT Taka 3aJIeXKHICTh HOCHTD JIHIMHUI XapakTep, MPHIOMY, TOYKOBOTO BUKPHIITYBaHHS Matepialy aHOIy He
CTIOCTEPITraeThCsl. Y BUIMAIKY BUKOPUCTAHHS aJTFOMIHIEBOTO aHO/IA HA IIOYaTKOBOMY €Talli CTYIiHb OYHUCTKH JCIIO
BUILIMIA, HDK y cTaneBuX. OJHAK B MPOIECI eKCIUTyaTallii aqtOMiHii MacHBY€ETHCS, MTOKPUBAETHCS OKCHIHOO
TIENEKTPUYHOIO TUTIBKOIO 1 MepecTae mpairoBati. [Ipy BUKOpHCTaHHI TUTAHOBOTO aHOMY, 3 IHIIMX PIBHUX
YMOB, OTPHUMAJTH HAHTIpIII pe3ybTaTh, IPH [IEOMY CIIOKUBATIOCS MPUOIU3HO B 1.5 pasu OLiblie eneKTpoeHepri,
HDK Ha iHIIMX eNeKTpojaX. THTaH po3uMHSBCA Ay’ke Maso, MpH TiIpomi3i eneKTpopo3uMHeHux ioHis Ti*"
YTBOPIOBAJIHCS APIOHI TJIACTIBIN TIAPOKCHAY, SIKI TOTAHO 3aTPUMYBAIMCS B MiHI 1 MPOCKAKYBATH B OYUIIICHY
BOy. Takok, BHACIIIOK BHCOKOi TBEPAOCTI THTaHy, MOro MexaHidyHa 0OpoOka, HeoOXigHa i HaJaHHS
€NIEKTPOAY MOTPIOHOTO PO3MIPY, Ay*e yTpyaHeHa. ToMy HaOLIbII EPCTIEKTUBHIM Y BUKOPUCTaHHI BUSIBUBCS
aron 31 cram 08kt JlomaTkoBOrO HOro mepeBaroro € Te, IO I CTallb JICNIeBa Y BUTOTOBJICHHI 1 € MPOTyKTOM
0araTOTOHHAKHOTO BUPOOHUIITBA. B yCiX BHITIa/IKaX BUKOPUCTAHHS CTAJICBUX aHOJIB 3JIMIIIKOBA KOHIICHTPAITIS
10HIB 3aJTi3a B OUMILICHIN BOII TTICIISI KOATYJISIIIIT Ta BIICTOIOBaHHS He repeBuiryBaia 0.3 M/ M.

Pe3ynbrati mociipKeHs 3 BUBYEHHSI PEXXUMY POOOTH €1eKTpo Ty 31 cTasti 08K mpeacTaBiieHo Ha puc. 4.
Ak BugHO, TomepedHss oOpoOka enekrpoma 31 crami O8KIT Mae 3HAYHWA BIUTMB Ha IHTEHCHUBHICTh
ENIEKTPOXIMIYHOTO PpO3YMHEHHS 3am3a. [Ipu mepmmx TphOX BHAAX TOMEPEAHBOI OOpOOKH ENeKTpoa
(6e3 00poOKH; 06podka y pozunHax HNO3) 3 migBUIEHHSM MPUKIAIEHOI HAIPyTH Ha MOYATKOBIM JUISAHII
KUTBKICTh E€JIEKTPOXIMIYHO PO3YMHEHOro 3amiza 3poctae. [Ipu Hampysi Buiie 4 B Ha aHOi criocTepiraeThbes
MPOTIKAHHS KOHKYPYIOYOTO TIPOLIECY — BHIIUICHHS KHCHIO, TTOYMHAETHCS TACHBAIIiS €JIEKTPOIY, BMICT
pO3YMHEHOTO 3aiTi3a magae. O4YeBUIHO, MO TP EIEKTPOXIMIYHOMY TpOoTpaBitoBaHHI ctami 08km B po3umHi
HNO3 BinOyBaeThest rmboka nacuBallisi HOBEpPXHI 3ai1i3a, TOMY 3 IMIJBUIIEHHSIM HAMpyrd BMICT PO3YMHEHOTO
3ami3a 3pOCTae Majlo.
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Puc.3. BmmB ryctuHM cTpyMy Ha e(pEKTHBHICTH OYHMCTKH BOIM BiJl HA(TONPOIYKTIB B 3aIEKHOCTI Bil
Marepiary aHofy: a - amominii AJI-31; 6 - cranb 08km; B - ctasb 20; T - TUTaH

Y Bumajky nornepenHpoi 00poOku enektpoaa B po3urHi NaCl xapakTep 3a1e)KHOCTI BMICTY 3aiza Bij
Hanpyru 30epiraeThCs, ajie CriocTepiracThesi 3CyB Hampyru macusamii 3 4 mo 10 B. Kpim Toro, xmopuim,
MO’KJIMBO, 3MIHIOIOTh CTPYKTYPY TOBEPXHI €JIEeKTPO/a 1 3aB/ISIKM CBOil BUCOKIH KOpO3iliHii aKTHBHOCTI 3HAYHO

IHTEHCH(IKYIOTB TIPOLIEC ENIEKTPOXIMITHOTO POYMHEHHSI 3aTi3a.
Ce., mrmu?
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Puc 4. 3anexHicTh BMICTY pO3YMHEHOTO 3aJ1i3a BiJl MPUKIICHOI HAIPYTH Ta TIONEPEIHBOI 0OPOOKH €JIEKTPOIY:
a - 6e3 00poOKu; 6 - 00pooka HNOs; B - 00pooka HNO3 3 mportyckatsim ctpymy; T - 00pooka NaCl

[omamnpIm gociu moKa3asy, M0 XapaKTep MonepeIHbol 00pOOKH aHOTy HE BIUTMBAE Ha €PEKT OUMCTKU
BOIM BiJl HapronpoaykTiB. Lle MOXkHA MOSICHUTH THM, IO JOMIHYIOUY POJIb Y PO3ZUICHHI eMYJIbroBaHoi (as3u i
BOJIM BiJIirpae mporiec (ioTartii, a He copOIIii Ha €IeKTPOreHEPOBAHOMY KOAryJ IsiHTI. TakuM YMHOM, TIOTIEPEITHS
eNIeKTpoXimMiyHa 00poOKa enekTpoy 31 ctaii 08kn y pozunni HNOs cripusie 301IbIIEHHIO HOTO CTPOKY CITyKOH.

OcHOBHY poJib y Tiporieci (uroTarlii JUCTIEProBaHMX JOMIIIOK BiJIrparOTh TIOBEPXHEBI CHIIM, BaH-ACp-
BaaJTbCOBCHKI CHJIA TIPUTSATAHHS, SJICKTPUYHI CHJIM, 110 BUHUKAIOTH MPU TIEPEKPHUTTI MOJABIMHUX EJICKTPHIHMX
I1apiB, sIKI YTBOPIOIOTHCS HABKOJIO YACTOYKM Y BOJHOMY PO3UMHI, 1 CHJIM TimpaTtarii TriapodiIbHUX TPyN Ha
noBepxHi yacTouku [ 11]. i 1x cr1 BU3Ha4aroTh 3MOYYBAHICTh YM HE3MOUYYBAHICTh YaCTOYKH.

3MOUYYBaHICTh YaCTOUKH BOJOO, SIK BIJIOMO, BU3HAYAETHCS CTyMEHEM ii TiapodoOHOCTI. UM Ouibin
rigpodoOHa pedoBHHA, THM MEHIIIC BOHA 3MOUYETHCS 1 Kpalie (IIOTYEThCS. 3MiHA 3MOYYBaHOCTI (pJIOTOBAHMX
YaCTOUOK JIOCSTAEThCS aJICOPOIIIEI0 Ha iX MOBEPXHI MOBEPXHEBO-aKTHBHUX PEYOBHH, B PE3YJIBTATI SIKOI MOJISPHI
rpymu [TAP 3akpiriroroThCs Ha 4acToulll, a riapogoOH] JTAHIFOTH MTOBEPTAOTHCS Y OIK po3unHy. TakiuM YUHOM,
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MIpY BBEJICHHI HEBEJIMKUX KUTHKOCTEW TMOBEPXHEBO-aKTHMBHUX PEYOBHMH €(EKTUBHICTH (PIOTAIli 30UIBIIY€ETHCS.
e mixTBepawi ipoBeIeHi Kociiau (puc. S).

Hagite npy He3HayHMX KOHIEHTpamisx cyibpoHory HII-3 crymiHp OYMCTKM TIOMITHO 3pocTajia, 0
Bi/INIOBIIA€ 3HIDKEHHIO 3aJIMINKOBHX KOHIeHTpaiit Hadry Bix 1.8 mr/mv® (6e3 ITAP) no 1 mr/mm® (5 mr/mm?
cynbhonony HII-3). OueBnano, mo HaitOuten momiTHH edekT HasBHOCTI [TAP crmocrepiraeTbest B 00macTi
KOHIIEHTparlii 1+2 Mr/mv’, TOMY BHOCHUTH BHIIII HOTO 03U HE JIOILTHHO.

Edexr dmotarii npiOHOMMICIEPCHUX YacTOUOK B 3HAYHIA MIpl 3aJICKUTh Bifl €IEKTPOCTATHYHOL
B3aEMOJIIT TIOABIMHUX EJEKTPUYHMUX IapiB yacTodok 1 OympoOarmok. CymbdoHon HII-3 € aHiOHOAKTHBHOINO
PCUOBHHOIO 1 KOHIIGHTPYETBCS Ha TOBEpXHI po3auty (as. Sk Bimomo 3 miteparypHux manux [10], xparom
eMyJIbroBaHOT HaTH 1 HAQTOMPOMYKTIB € HETaTUBHO 3aps/HDKEHHMH YaCTOUKaMH, C-TIOTCHITIAN SIKMX MOXKE

nocsiratit -60 MB. SIkio Oysp0ariika 1 yacTouka 3apsipKeHi OAHOMMEHHO 1 MalOTh IOCUTh BUCOKUM E-TIOTEHITIa,
e(EeKTUBHICTb (PIIOTAITT 3HIKYETHCSI.
S, %
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Puc. 5. Edexrupnicts Buganenns HaptH (Crow. = 24 Mr/mv®) B ipucyTHocti ITAP cyasponony HIT-3
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Chrrx-402, MI/IM?

Puc. 6. 3anexuicts Bmicty HapTH (Crow. = 27 Mr/aM°) B oummeHiii Boxi Bix go3u BITK-402 mpu pisHux
KOHIIEHTpalifx cyabponomy HIT-3: 1 - 1 mr/ov’; 2 - 2 mr/am’

3HWKCHHS CJICKTPOKIHETHYHOTO TOTEHINAy YacTOYOK MPH3BOIAWUTH JIO 3MCHIICHHS C€HEPreTHYHOIO
Oap’epa 1 mokpameHHs1 ix ¢uoroBaHocTi. [Ipy boMy Hemae HEOOXIITHOCTI B TOBHINM HEHTpamizalli 3apsy.
JloctaTHbO, 1100 3HAYECHHS EIEKTPOKIHETUYHOTO IMOTEHITIATY 3HAXOAMIOCS B Mekax Bia -15 mo +15 mB [10]. I3

3MEHIIICHHSIM a0COTFOTHOTO 3HAYEHHS E-TIOTEHINATY e(heKTUBHICTD (DIIOTaIlii 3pocTa€ SIK P MO3UTHBHOMY, TaK
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1 IpU HeraTHBHOMY 3HAKy 3apsa. L[poro MoXxHa JOCSTHYTH BBEICHHSIM TOMIKATIOHITHUX (hoKyssHTIB. [Tpu
B3aemoii cynbdonormy HIT-3 3 dmokymsaTOM BITK-402 yTBOPIOETHCS HEPO3UMHHUN Y BOJI KOMIUICKC, SIKHAI
cripusie OUTBIIT TOBHOMY OYHMILICHHIO BoAM Bin HadTH (puc. 6). [Tpu 3pocranni konuenTparii HI1-3 1 BITK-402
3aJIMILIKOBA KOHIIEHTpALlisl HA()TH 3MEHIIyBajacs, OHaK 3HaYeHb Hukde 0.3 Mr/aM’ mocsartv He Baanock. 1le
MOke OyTH TTOB’SI3aHO 3 TUM, 1110 JojaBaHHs [TAP 1 GrokymstHTy criprisie BUTICHHIO HATH B €MYJIBIOBAaHOMY
CTaHi, ajle MPaKTHYHO HE BIUIMBA€ Ha il po3umHeHy (paxmiro. [ rmOImoro OYMINEHHS BOIH, OYEBHIIHO,
MOTPIOHO BUKOPHCTOBYBATH JICCTPYKTUBHI 200 aIcOpOIIiiiHI METO I OOPOOKH BOJIH.

BaxymBoro 3a1auero € rmepepoOKa YTBOPEHHX BiIXOIB OUMIIIEHHs HAQTOBMICHHX CTIYHMX BO. TBepraa
¢aza, Mo MEePEeXOoMTh Y TiHY MpH eNeKTpodIIoTallil, € CyMIII0 OKCH/IIB, TIIPOKCHIIB 3aJTi3a, aJFOMIHIO i3
3HAYHUMH KUTBKOCTSIMH HATOMPOAYKTIB. Ocat Mmicis POoIiecy eIeKTPOQIIoTallii JOIUTFHO BUKOPHUCTOBYBATH B
METATyPriiHii POMHCIIOBOCTI.

Bucnoexu

BusnaueHo yMOBHM eneKTpoQuIoTamiiHOl OYHCTKA BOAM Bix HadTONpOAyKTiB. JlocCimimkeHo
3aJISKHICTh CTYIIEHIO OYHMCTKM Bifl MaTepiany aHoaa, pH BHXiZHOTO pO3YMHY Ta TYCTHHH CTPyMY.
Bcranoneno, mo Haiikpammii edekT gocsraeTbes B miamasoHi pH 5-7 mpm rycTHHaxX CcTpymy
0.25-0.3 A/mm?. 3 ocnipKeHUX MaTepianiB Ul aHOa PEKOMEHI0BAHO cTaslb O8KIL

BuBYeHO xapakTep eIeKTPOXIMIYHOTO pO3YMHEHHS cTaii O8KIT B 3a1€KHOCTI Bif ii momepenHboi
00poOKHM Ta BIUIMB Takoi OOpoOKHM Ha CTYHiHb OYMCTKH BOIM Bin HadTompoaykriB. IlokazaHo, 1o
XapaxkTep HoIepeIHh0i 00pOOKH aHOIy HE BIUIMBA€E Ha €(PEKT OYMCTKU BOIM Bia HadTompomykri. Lle
MO’KHA TMOSICHUTH TUM, IO JIOMIHYIOYY pOJIb Y PO3JUICHHI eMyJbroBaHoi a3y 1 BOAM BiAirpae mpouec
¢notanii, a He copOuii Ha eJIeKTPOreHEpPOBAHOMY KOAryJsHTI. TakuM 4YHHOM, MOIMEPETHs
eJleKTpoxiMiuyHa 00poOka enexrpony 3i craii 08km y pozunni HNOs cripusie 301IbIIEHHIO HOTO CTPOKY
CITyKOH.

JocmipkeHo, mo Opu AoAaBaHHI B HadToBMICHY Bony cyibponony HII-3 3 ¢uokynsHToM
BIIK-402 yTBOpIOETHCS HEPO3YMHHUH Y BOJII KOMIUIEKC, SIKUH CHIpUsi€ OLTBII TOBHOMY OYHUILEHHIO BOJIU
BiJ HahTH 1 HATONPOIAYKTIB.
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Development of new resource-efficient approaches to the solution of the problem of
purification of naphtha local wastewater

Oleksandr P. Khokhotva, Olena 1. Ivanenko *, Oksana M. Tereshchenko

National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”
37/4 Peremogi Avenue, Kyiv, 03056, Ukraine, olenka.vasaynovich@gmail.com

The article noted that the pollution of surface water bodies by oil products as part of wastewater in
Ukraine in 2020 reached 246.6 tons. For aquatic organisms, oil and oil products are highly toxic substances and
belong to the group of nerve poisons. Most of the wastewater generated today in industry is subject to purification
from petroleum products before discharge into the environment, however, existing purification technologies do
not fully meet modern requirements. Electrochemical cleaning methods have a number of significant advantages
over reagent methods: the salt content in water does not increase, which plays an important role in the
organization of circulating water supply systems; less sediment is formed; the technological scheme of cleaning is
simplified; there is no need to organize a reagent farm; small production areas are required for the placement of
electrochemical treatment plants. The operation of electric cleaning plants is simple due to their high
manufacturability and the possibility of automation.

As a result of research, the optimal conditions for electroflotation water purification from oil products
have been determined. The dependence of the degree of purification on the material of the anode, the pH of the
initial solution and the current density was studied. It was established that the best effect is achieved in the pH
range of 5-7 at current densities of 0.25-0.3 A/dm?. In the presence of sulfates, cleaning proceeds better than in the
presence of chlorides, since Cl ions intensify the point breakdown of the anode material. Among the studied
materials, 08km steel can be recommended as an anode. The nature of the electrochemical dissolution of 08kp
steel depending on its preliminary treatment and the effect of such treatment on the degree of purification of water
from petroleum products was studied. It is shown that when adding sulfanol HII-3 with flocculant BITK-402 to
oil-containing water, a water-insoluble complex is formed, which contributes to a more complete purification of
water from oil and oil products.

Keywords: oil products, wastewater, purification, electroflotation
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Onep:xaHHsI BUCOKOAKICHOTO0 aHTH(PUKUIIHOr0 MacTH/Ia Ha 0a3i MmoaudikoBaHoOl
KMPHOKMCJIOTHOI CHPOBMHH

Ounexkciii O. I1aneiikin, Ipuna O. Benrep, Jlapuca 0. BonauiBcbka

Inemumym 6ioopeaniunoi ximii ma nagpmoximii im. B.I1. Kyxaps Hayionanwnoi akademii nayk Ykpainu
eyn. Mypmancora, 1, Kuis, 02094, Yxpaina, e-mail: papeikin@hotmail.com

3apa3 HaWsKiCHIIII MacTWja BUTOTOBJISIIOTHCS HA OCHOBI MW 12-TiApOKCHCTEapHMHOBOI KHCIOTH. AJe
moran 80 % CBITOBOrO CHPOBHHHOTO JDKepesa i€l >KUPHOI KHUCIOTH — PUIMHOBOI OJil CKOHIIEHTPOBAHO B
[MiBgenniit Azii. lle cioHykae BUPOOHUKIB MACTHJI JI0 TOUIYKY aJIbTEPHATUBHOI CHPOBWUHH IJISi BUTOTOBJIICHHS
MacTWJI 3 BUCOKUMH THKCOTPOITHUMH BJIACTUBOCTSIMH. B poOOTI mpoJeMOHCTpOBaHa MOKIIMBICTD 3aCTOCYBaHHS
(ocdaTuIHIX KOHIICHTPATIB SIK KOMIIOHEHTIB BUCOKOTEMIIEpAaTYPHHUX MacTUI. AKTHBHI B iX ckiaai rpynu — -OH,
-NH;, -CONH, -COOH, -PO(OH), 3a0e3mneuytoTh MOKpaiieHi 3aXUcHi i TprOOXIMIYHI BJIACTUBOCTI MaCTHILHUM
KOMITO3UIIisIM, ajie HasiBHI MOABIMHI 3B’SI3KM MOTIPLIYIOTh iX aHTHOKHCIIOBAJIBHY CTilKicTh. ToMy po3po0ieHo
TEXHOJIOTIF0 TPOBEACHHA XiMiuHOi Moaudikarmii ¢docaTugHOr0 KOHIEHTPATy TiJPOKCHIIIOBAHHIM 32
HEHACHYEHUMH 3B’SI3KaMH 3 HACTYIIHUM OMIJICHHSIM Ta KOMIUIEKCOYTBOPIOHHSIM MacTHUJIBHOI KOMIIO3ULIT in Sifu.
JocnimkeHo (i3MKO-XiMiuHI BIACTUBOCTI PO3POOJICHOI0 KOMILIEKCHOTO KaJbI[IHOBOrO MacTHWja Ta MPOBEIACHO
MOPIBHSUTBHUN aHali3 1X MOKa3HUKIB AKOCTI 3 MacTUIaMH Ha 12-TigqpOKCHCTEapuHOBIH, CTeapUHOBIH KHUCIIOTaX Ta
HeMoaudikoBanoMy (dochatugHoMy KoHIeHTpaTi. CHHTe30BaHE MACTHIIO XapaKTEPH3YETHCS BHUCOKOIO
MEXaHIYHOI0, KOJIOITHOO CTaOLIBHICTIO Ta BUCOKOTEMIIEPATYPHUMH BIIACTUBOCTSIMH, HOTO BEPXHS TeMIlepaTypHa
Me’Ka 3aCTOCYBaHHS, sIKa BCTAHOBJICHa METOJOM JepuBarorpadidynoro anamnizy, csarae 180-200 °C. Kpim Toro, us
TUKCOTPOIIHA CHCTEMa CTiliKa 10 OKHCHEHHS, He BUKJIMKA€E KOPO3il0 KOJLOPOBUX METAJTIB Ta 3[aTHA IPALIOBaTU B
KOHTaKTi 3 Bog010. ®ochopoBMICHI 3aIHINTKH TTOKPANTYIOTh 3MallyBaIbHI BIACTUBOCTI CHHTE30BaHOI KOMIIO3HITi1
0e3 IOAAaTKOBOTO BBEICHHS TPUOOJIOTIYHUX MOAMGDIKATOPIB Ta MepeBepLIyIOTh (PYyHKIIOHANBHI JOAATKH, SAKi
MICTATBCS y CKIaAi TOBapHOro MacTwia YHion-2. [lpoBexeni BunpoOyBaHHS IOBOASTH MEPCHEKTUBHICTH
3aCTOCYBaHHS TiPOKCHIIBOBAHUX (QocPaTHIHUX KOHIICHTPATIB SK KOMITOHEHTIB BHCOKOTEMIICPATypPHHUX
JUCTIEPCHUX (ha3 MUJIBHUX KOMITO3UITIH.

Knrouosi cnosa: dochaTuaHuil KOHICHTPAT, TiAPOKCUITIOBAHHS, OJNICOXIMIUYHHMN 3aryCHHK, KOMIUICKCHE
KaJIbL[110BE MACTHJIO

Bcmyn

Crenndika poOOTH CydyaCHUX MaIllMH 1 MEXaHI13MiB BUCYBA€ CYBOPi BUMOTH JI0 SIKOCT1 MAaCTHJIBHUX
MaTepialiB, SIKi PO3IIANAIOTECA K KOHCTPYKTUBHMiII €leMEHTBY3IIB TepTA. IX TOIOBHE MpH3HAUECHHS
3MEHIIUTH BTPATH €HEpPrii MpH ekcrutyatauii TpudocucteM. Takox BOHH 3aCTOCOBYIOTHCA IS 3aXUCTY
Bl KOpO3ii, 30BHINIHIX BIUIMBIB, TaKWX SK BOJoOra, OpyJI TOIIO, IIO CYTTEBO BIUIMBAE Ha PeCypc
Mpare31aTHOCTI PYXOMHX 3’€/THaHb JEeTaJCH MAIlIMH 1 MEXaHI3MiB.

Hamionansuuit inctutyT MacTiil CLIA (NLGI) Bu3Hauae MacTHIIO SIK «BiJ TBEPO1 10 HAMMIBP1AKOT
JUCTIepCii 3aryniyBaJIbHOTO areHTa (3arycHuka) B piauHi. MOXXYTh TaKOXX BKJIIOYATH JOJATKH, SKI
HAJIAI0Th 0COOJIMBI BIACTHBOCTI, TaKi K CTIMKICTh O OKHCHEHHS, IPOTHU3HONTYBaJIbHI TOIIIO.

TumnoBe macTmino ckiaagaerbes 3 65-95 % 6a3zoBoi onusu, 3-30 % 3arycHuka it 0-10 % monaTkis
[1]. I xoua KOHIIEHTpAIlisl 3aryCHUKA B MAaCTHJIaX BITHOCHO HEBEJIMKA, CaMe 3aryCHHK, B TIEPIIy Yepry,
BHU3HAuUa€e iX EKCIUTyaTalliiiHI XapaKTepUCTHKH. 3aryCHUK (QOpMy€e CTPYKTypy, SKa Ha/la€ MacTUIY
MJIACTUYHICTh, MIITHICTh, KOJIOTAHY CTaOUIBbHICTh Ta 1HII 00’ €MHO-MEXaHiuHI BIACTHBOCTI. JlucrnepcHoro
($ha30r0 MOXKYTh CIYTYBaTH COJIi BUCOKOMOJICKYJIAPHUX KapOOHOBUX KHUCIIOT — MUJIA, TBEP/I1 BYTJIEBOIHI,
HEOpraHiuHi W opraHiuyHi Marepianu [2]. Muna HalOUIBII MOMMPEHI 3aTyCHUKU Ta BOHHM CKJIAJAr0Th
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npubimzHo 90 % Bim 3arampHOro 00CsATy BUpOOHMITBAa MacTui [3]. 3arajioM, MakCUMaabHUU
3arymyrodnii eQekT qocsraeThes kapooHoBuMH KucioTamu Cis, TOMY MIJIbHI JUCTICPCHI (a3u 3a3BUYAM
OJIEPXKYIOTh B3aemojiero 12-rimpokcucreapuHoBoi (12-HoSt) KUCIOTH POCIMHHOTO MOXOJDKEHHS a0o
creapuHoBoi (HSt) kuciaotu TBapuHHOrO 200 POCIMHHOTO MOXOJKEHHS 3 T1IPOKCHAAMHU JIy>)KHHUX a0o0
Ty>)KHO3eMeNbHUX MeTaniB [4]. Mactuna Ha MHIBHHX 3arycHukax HSt KuCIOTH He BIANMOBITAIOTH
CyyaCHUM BHMOTaM 4epe3 HU3bKy MEXaHI4Hy cTaOuibHICTh. BrnpomoBxk ocranHix 70 pokiB 12-HoSt
KHCJIOTA 3aJMINAETHCS JOMIHYIOUWOIO Yy CKJIaIl 3aryCHHMKIB MacTWJ HaWBHINOI sKOcTi. Mactuna
BUroToBjIeHI Ha 12-HoSt KHCIIOTI XapakTepr3ytoThcs BUCOKUMU TUKCOTPOITHUMHU BIIACTUBOCTSMH.

12-HoSt K1CI0Ty 0JepKyIOTh TApYBaHHSAM PULIMHOBOI OMii 3 HACTYIHHUM ii BUAUICHHSM [5, 6].
3apa3 HalOuTbIMi BuUpoOHUK puriHH [His, Ha Ky npuranae 80-85 % 3araapHOro CBITOBOTO 00CATY, 32
Heto ine Kurail, bpasunis ta Mozam6ik [7]. ¥V 2020-21 pp. nannemis COVID-19 nopymmna Kpuxxi
rJ100aJIbH1 JIAHIIOKKHM MOCTa4aHHA. 30KpeMa Inpo0JyieMH, 1110 BUHUKIM 3 MOPCHKHUMH MEPEBE3CHHIMU U
3aKPUTTSM MOPTIB, MPU3BEIH J0 TOPYIICHHS JOTICTUYHUX JIAHITIOKKIB moctayanHs 12-HoSt kucnoru, sxi
30cepepkeHl Ha onHoMYy perioHi, [TiBgenHoi A3ii [8]. Oxpim TOro, 3 MOYaTKy POCIMCHKOTO BTOPTHEHHS
24 motoro 2022 p. yKpalHCbKI NMOPTH JIMIIAIOTHCS 3a0JIOKOBAaHMMH, a YacTHHA iX OKyIOBaHa, LIO
MIPU3BENO A0 MUIbSIPIHUX BTPAT JIsl EKOHOMIKHM Y KpaiHu.

Bce e crionykae BUpOOHUKIB MaCTHII 10 TIONTYKY €()eKTUBHUX anbTepHaTuB 12-HoSt KucmoTi st
3aCTOCYBAHHS SIK TUCHEPCHUX (a3, sIKl O 3MEHILIWIM iX 3aJI€KHICTh B1Jl IMIIOPTY Ta HMOBIPHICTH 300iB Yy
BUPOOHUITBI, CIPUYMHEHHUX 3pUBAaMHU JIaHLOra nocradaHHd. BogHouac VYkpaiHa € TOTYXHUM
BUPOOHUKOM OJIIHHOT CHPOBUHU, EKCIIOPT K01 ckianaB 90 % Bix BUPOIICHOTO 1 310paHoro yposxato. Tomy
METOI0 Hamoi poOOTH € MOAM(]DIKYBaHHS KUPHOKUCIOTHOI CUPOBUHHM I BUKOPUCTAHHS SIK CKJIaZI0BOT

3aryCHHUKIB MAaCTHJI Ta IOCIIPKEHHsI BJIACTUBOCTEH 0O/Iep)KaHUX aHTU(PPUKLIHHIX TUKCOTPOITHUX CHCTEM.

Excnepumenm

3acTocyBaHHS KUPHOKHUCIOTHOI CUPOBHHHM, SIK KOMIIOHEHTIB BHCOKOTEMIIEPATYPHHX MACTHUIIBHHX
KOMITO3UIIii, 0OMeKeHa uepe3 HU3bKY TePMOOKUCHIOBATIbHY CTaOLIBHICTH [9]. Lle 00yMOBIIEHO HASBHICTIO B
X CKJIa/Ii TPUTTIEPUIHUX TPYTI 1 TOJBIMHMX 3B’S3KIB B AIlMIILHUX 3ATUIIKAX HEHACUYCHHUX BUILUX KUPHUX
KUCNOT. TOMy BHKOPHCTaHHS LMX MPOIYKTIB Yy BHCOKOSKICHUX MACTWJIBHMX MaTepialiB BHMarae
JI0JaTKOBOTO MPOBEICHHS 1X XiMIUHOT MOAHU(DIKaIIii.

Sk anpTepHATHBHE JHKEPEIIO KUPOBOT CHPOBUHU BUKOPUCTAHO MOOIYHUNA MPOAYKT BiJ OUUIIECHHS
oniit — pocharuaamii konuentpar (OK) Big ounmenHs pimakosoi omii 3a JJCTY 4526. Lle xopuuHeBa
IUIMHHA Maca 13 cyminri ¢pocdaruaiB — 55.4 %, omnii — 42.6 %, ectepoHepo3uMHHUX pedoBuH — 1.4 % Ta
3anumKoBoi Bosorocti — 0.6 %, 3 MaCOBOIO YaCTKOIO aKTUBHUX €JIeMEHTIB HiTporeny 2.12 % i ¢pocdopy
1.46 %. [lo cknany dhocdaruaiB Bxonath riinepondocdaruay, GocharuauneTanonaming abo kedainy,
dbocharununxoninn abo IEMUTHUHH, aMIHOKHCIOTH, iHO3uThocdaruau Tomo. B Hacmigok doro,
J0ZIaBaHHsl MOT0 /10 MacTUJIBHMX MaTepialliB MOKPAIly€e€ aHTHKOPO3iiiHI XapaKTepPUCTUKU Ta IiJBUIILYE
Tpubosoriuni Bractusocti [10, 11].

JUis ycyHeHHsI akTUBHUX LIEHTPIB IpoBeneHo XiMiuHy Moaudikanito OK rigpokcuimoBaHHIM 3a
MOJBIHHUMH 3B’ I3KaMH HEHACUUYCHMX JKUPHUX KUCIOT. Llel mpoliec momsirae y BBEJICHHI T'IPOKCUIBHUX
Ipyn 10 MOABIMHMX 3B’sI3KIB HEHACHYECHUX KXUPHUX KucIoT DK 3a 101mOMOroro nepokcuay BOJHIO ITi[
KaTaJiTUYHOIO JI€I0 BOJOPO3YMHHHUX alipaTHYHMX KapOOHOBUX KHCIOT, TAaKUX SIK MOJIOYHA, OLITOBA,
BUHHA, JUMOHHA [12]. Mo0OYHa KHCIOTa B OCHOBHOMY BHUKOPHCTOBYETHCS JUIsl MPOJYKTIB, IKI Hajami

3aCTOCOBYIOTHCSI B XapuoBUX LULAX. [IOTIM peakuiiiHy cyMill HEUTpPai3yloTh TiAPOKCHIOM HATpilo Ta
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CyIIaTh ITi]] BAKYYMOM JIO TOCSATHEHHS BMiCcTy Bosioru MeHIre Hixk 1 % [12, 13]. HeliTpanizaris HayTHIIKY
X KUCIIOT T1POKCHIOM HATPiIO MPU3BOIUTH A0 YTBOPCHHS HATPIHOBUX COJICH, SIKi HE MOYKJIMBO BUAITN
3 rigpokcmiboBaHoro @K, Hamam depe3 moraHy iX BOJOCTIMKICTh. Lle YHEMOKIIHMBIIIOE 3aCTOCYBaHHS
POTO MOJU(IKOBAHOTO TMPOAYKTY SK CHPOBHHHOTO KOMIIOHEHTa IHCIEPCHUX (a3 THKCOTPOITHHUX
cucteM. 3 iHIOro OOKy BiJOMO, IIO B CHHTE31 MUCTEPCHHUX (Pa3 KOMIUIEKCHUX KaJbIIHOBUX MacCTHI
(kCa-macTmil) SIK KOMIUIEKCOYTBOPIOIOUMM areHT 3aCTOCOBYETHCS OITOBA KHCIOTa, TOMY HamH
3alpONOHOBAaHA TEXHOJNIOTIs rigpokcumoBaHHs @K Ta cuHTE3 oneo3aryiryBada BEUCOKOTEMIIEPATYPHOI
MacCTHJIBHOT KOMIO3UIIIT in Situ.

[TpoBenennst ximiuHOi Moamdikamii DK rigpoKCHIIOBaHHSAM 32 TOABIHHUMH 3B’ SI3KaMHU
HEHACHYCHUX KUPHUX KUCIIOT, IO BXOAATH JI0 HOTO CKIIAY 32 CXEMOIO:

o HO 0o HO

0 0]

W )k/k\\mN\R W\(\R WR
oL oL Loz,%o OHO . %0 HO

%’ Ho X H_ <~ CH,COOM \/</H\/‘\FR \/CH\/\\\AR

R m R [9) m O m

o, o} ' HO " OH \—or OH
Oz\/H%MR O4Pb—eOR O%R o7 Lo

l/ .
_ - H, « *
R=Alk, All R' =+~ NH; «_NO, 1, ~"on %OH
NH, HO OH

3 HACTYIHHM OMMJICHHSIM >KHPOBUX KOMIIOHEHTIB Ta HEUTpaTi3alli€l0 ONTOBOI KUCIOTH TiIPOKCHIOM
KaJIBIIO.

OpepkaHHST TIEPOKCUKUCIOT B TMPOIECi E€MOKCHAYBaHHS MPOXOAWTH 3a BIACYTHOCTI BOJIU.
OnHOYaCHO PO3KPUTTS EMOKCUIHUX KIJIEIb 3 YTBOPEHHSM T'1JIpOKCH-TPYI MPOXOJUTH 32 HASIBHOCTI BOJIH,
SIK OJTHOTO 3 peareHTiB. ToMy CHHTE3 IPOBOJIIN B €MYJIBCIHHOMY cepefoBuIi BogHOTO po3unHy DK,
J0ZIAF0YN TOTOBI TIEPOKCUKHCIIOTH, OJIEpKaHi 3MIITyBaHHSM OILITOBOI KUCIIOTH Ta MEPOKCUITY BOIHIO.

INppokcumoBanuss ®K mpoBoawiiv 3a HACTYNMHOIO METOAMKOIO. MacoBa yacTKa 3aryCHUKa
ckinanana 15 % 3a monbHOro cmiBBigHomeHHs DK: onroBa kuciora 1:5. B Tpboxropnuii peakrop
nonasanu @K i H20 y cniBBigHomeHHi 1:3 Mac. Ta cTBOproBaiiu eMyJibCito 3a nepeminryBanus 2000 06/xB
BIIpoaoBxk | rox 3a remnepatypu 25 °C. Ilicns nporo 10 peakiiiftHoi cyMmilli 1Mo Kpamisix BIpoaoBx 30 xB
10/1aBali IEPOKCUKKUCIIOTY, OKpeMo Tpurotosieny 3 0.3 cm® 99 % ourosoi kucnotu Ta 1.5 r 35 % H20o.
[Ticna momaBaHHS MEPOKCUKUCIOTH CyMill BUTpUMYBaiH 1ie 30 XB 3a MOCTIHHOTO NepeMillyBaHHS A
OCTaTOYHOTO MPOXO/PKEHHS peakiii. [IoTiM 1oraBany OMUBY 1 PEIITY OLTOBOT KUCIOTH Ta MPOBOIMIH
onepxanHs KCa-MacTuiIa 3a TPAAULIHHOIO TEXHOJIOTIEIO 3 HACTYIIHUMH CTaAisIMU:

— OMUJICHHS T1IpOKCUIIbOBAHUX )KUPHHUX KUCIIOT i HEUTpai3allist OTOBOT KUCIOTH T'APOKCHIOM KaJIbIIiI0
y cepenoBuilli 6a30BOi OJUBY;

— 3HEBOAHEHHS OJIepKaHO1 OJINBHO-MUJIBHOT CyMIIlli;

— TepMOMEXaHI4YHEe CTPYKTYPyBaHHS MAacTHJIa 3 HACTYITHUM HOTO OXOJIO/KCHHSIM;

— rOMOT€Hi3allisl MacTUIA.

3a 1i€l0 TEXHOJIOTIEI0 OAEeP)KaHO HACTYIHI KOMIUIEKCHI KaJlbLiHOBI MacTWIbHI KOMITO3UIIII: Ha
cteapati (kCaSt), 12-rimpokcucreapari (kCaoSt), xupHux kuciorax @K (kCadK) ta rizpokcokuciorax
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OK (kCa®K-on). MonbHe CHIBBIAHOIIEHHS 1HAMBIAYyaJIbHUX >KMPHUX KHUCIOT /10 OLTOBOI KHUCIOTHU
ckiaagano 1:2, a xupHux kuciaor @K — 1:5. Jlnsg 00’€KTUBHOrO MOPIBHSHHS BJIACTUBOCTEH 3pa3Ku
CHUHTE30BAHMX KaJBI[IHOBUX MACTUILHUX KOMIIO3MIIIM BUTOTOBIICHO 3a KOHCHCTeHIiew 2 kimacy NLGI
(National Lubricating Grease Institute). B ocHoBy cucremn NLGI knacudikarii MacTiin mokiaaeHa ix
KOHCHUCTCHIIIS, KA BU3HAYAETHCS 3a BEIMYMHOIO «poOodoi» meHerparii (3 mepemimryBaHHsIM 60
noaBiHMX TakTiB). Jpyruit kimac NLGI HaiOinemn mommpeHWil cepei MacTwi, MO0 MPOMHCIOBO
BUTOTOBJISIIOTHCSA, @ 3HAYEHHS 1X po0OOYOT IIEHETpallii 3HAXOAUTLCS B Mexkax Big 265 M- 1074 1o 295 m-1074,

3pa3ku MacTWJ JOCIHIDKEHO JTa0OpaTOPHMMHM METOAAaMHU 3TiIHO 3 [IIYMMH CTaHJapTamu.
O06’eMHO-MeXaHIYHI XapaKTEPUCTUKU CUHTE30BAHMX MACTHJI OIIHIOBAJIHU 3a MOKAa3HUKAMM TIEHETpAIlis,
MeXaHi4Ha CTaOUIBHICTh Ta TemmepaTypa KpamanHs. Uucio menerparnii Bu3Hadamu 3a 1SO 2137, sike
BHUPaXXa€ThCS TNIMOMHOIO 3aHYpPEHHsI B IEpeMillaHe MAacTUIO KoHyca Baroroo 150 r BmponoBxk 5 ¢ 3a
temmneparypu 25 °C. OIiHKy MEXaHI4HOi CTaOUIBHOCTI MPOBOJIMIN 3a PIZHUIICIO BEIUYHMH TEHETpalii
micast 60 (Pr) ta 100 000 (P2) mmxmiB nepemimryBaHHs AP = P>—Pi. MexaHiuHy cTaOUIbHICTD
CHHTE30BAHMX MACTHJI OIIIHIOBAIM 3a PI3HMICI0 HACTymHMM 4uHOM: 3a AP < 30 — BinMiHHa; 3a
AP = 30-60 — no6pa; 3a AP = 61-100 — 3anoBinbHa; 3a AP > 100 — He3anoBuibHa [14]. Temnepatypy
KparaHHs BcTaHoBIoBaiu 3a [SO 2176, e makcuMalnbHa TeMIEparypa, 3a SKOi 3 KarcyJisi TEPMOMETpa
Y60eno/e manae Kparis MacTHIIA.

CrabuIbHICTh 3pa3KiB MAaCTWJI XapaKTEpHU3yBaJld 3a IOKa3HUKaMHU KOJIOIAHA CTaOUIbHICTH Ta
CTIHKICTB 10 okucHeHHs. Konoinny crabinpHicTh Bu3Havanu 3a [OCT 7142, cyTh IbOTO METOY TOJISATAE
y BU3HA4Y€HHI KUJIBKOCTI OJIMBH, SIKa BijampecyBajacsi 3 MacTwia, Ha anapati KCA 3a HaBaHTaXeHHs
1000£10 r. CTiKICTh 10 OKUCHEHHS] MACTHJI aHATI3yBaJIX 32 3MiHOIO KHCIOTHOTO YHCIIa Micas 00poOKu
Ha MigHii mractudi 3a T'OCT 5734.

AHTUKOPO3iiHI BracTuBocTi Mactun ouinyBaimu 3a ASTM D 4048. Cyte metony monsirae y
BUTPUMYBaHHI MiJHOI IJIACTUHKM Yy 3pa3kax MacTHi mpotaroM 24 ron 3a temnepatypu 100 °C i
Bi3yallbHOMY (hiKCyBaHHI 3MiHU KOJIBOPY IUIACTHHKH 3 €TAIOHAMU KOPO3ii.

Tpubonoriyni XapakTepUCTUKHM MACTHJI BU3HAYaIM Ha YOTHUPUKYJIBKOBIH MAaIlIMHI TepTS 3a
TOCTilHOT TeMmepaTypH, 3 4actoToro obepriB 1390-1530 xB! Bnpomosx 10 ¢ Ta cTymeHeBOMy
MiABUIIEHHI HABAaHTAKEHHS 3a IIOKa3HUKAaMH HaBaHTaXeHHs kpuThuuHe (Px) Ta HaBaHTakeHHS
3BaproBanHs (Ps) 3a TOCT 9490.

Pes3ynomamu ma ix 062060penns

[TigBuieHi Temneparypu, BUCOKI MIBHJIKOCTI Ta HABAHTA)KEHHS - 1l€ YMHHUKH, SKI OJJHOYACHO
BIUIMBAIOTh Ha MACTUJIA Y MPOLIEC] EKCIUTyaTallii Ta CIPUYHHAIOTH pyHHYBaHHS X CTPYKTYpHOTO KapKaca.
B cratmuHux ymoBax MacTHJIO SIBJIs€ co0010 TBeply pedoBHHY. OTHOYACHO MifA Ai€I0 HABAHTAKEHHS
BUHUKAE IMJIAaCTUYHE Ae(POpMyBaHHS, MiJ BIUIMBOM SKOTO THUKCOTPOIIHA CHCTEMa MEPEeXOIuTh Yy PiIKU
CTaH, a MICIS 3HATTS 3yCUJUIS 3HOBY IOBEPTAETHCS y BHUXIAHY TBEPIOINONIOHY CTPYKTYpy. MexaHiuHa
CTaOUIbHICTh BH3HAYAE€ XAPAKTEPUCTHKY 3aryCHHUKAa MAacTWJI MPOTHIIATH PYWHYBaHHIO IiJ 4Yac
HaBaHTaXEHHA. MexaHiuyHa cTalOlIbHICTh — II€ 3JaTHICTh THUKCOTPOIHUX CHUCTEM NPAKTUYHO MHUTTEBO
BITHOBJIIOBAaTH CBOIO CTPYKTypy Ticis TpuBanoi nii aedopmarii 3cyBy. 3aBIsSKM Il yHIKaJIbHIN
BJIACTUBOCTI MAacCTWJIO BiJHOBIIOE CBill CTPYKTYpHHHM KapKac Micis MPUIIMHEHHS MPUKIIAJaHHSI
HaBaHTAXCHHA y By3JlaX TepTsA. MexaHiuyHO cTaliabHI MAaCTHIIA JIETKO YTPUMYIOTHCS B By3JIaxX TE€PTH, 110
MOJIOBXKYE pecypc iX ekcruryaTarii. HatoMicTe MexaHIYHO HecTaOimbHI MAacTHJIa TOCTaTHHO IIBHIKO
PYHHYIOTBCS, PO3PIIKYIOThCS 1 BUTIKAIOTh 3 BY3JIB TepTs a00 CHIIBHO 3aTBEPIiBAIOTh W MEPEeCTaIOTh
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MOTPAIIATH 10 PoO0UHX 30H. TakuM YMHOM, TOBHOI[IHHE MAaCTHJIO IOBUHHO ICTOTHO HE 3MiHIOBATH CBOIO
KOHCHCTEHIIIO, SIK B TIporieci Aedopmaliii, Tak i 3a MoAaIbIIoro BiIOYHHKY .

OxpiM TOrOo, MacTWia TiJ 4Yac eKCIUTyaralii 3a3HaloTh BIUIMBY BHCOKHX TEMIIEPATyp.
PosmnaBneHHs 3arycHUKa pO3pIIHKye€ MAacTHIO 3 BTPATOd MEXKI MIIHOCTI a0o, HAaBIAaKH, HOTO
TepMO3MiITHIOe. BogHOYAC 11€ 1HIIIFOE TEPMOOKHUCHIOBAIILHY JIECTPYKIIIIO TUCTICPCIHHOTO CepEOBHIIA.

OCHOBHI XapaKTEepPUCTUKN CHHTE30BaHUX 3pa3KiB KCa- MAaCTHIIBHUX KOMITO3HUIIIH Ta pe3yIbTaTH ix

BUTIPOOYBaHb 3BE/ICHO y TaoI. 1.

Taoauus 1. Di3uko-xiMivHI BIACTHBOCTI CHHTE30BAaHMX KOMIUIEKCHUX KaJbIIHOBIUX MACTHII HA PI3HUX
KHUPHUX KUCIIOTAX

HaliMeHyBaHHS TOKa3HUKA, Meton 3HadeHHs MOKa3HUKIB!
OJIMHUIIS BUMIDY BUIPOOOBYBaHHS kCaSt kCaoSt kCad®K kCa®dK on
OnHo- OnHo-  Onsio-
piHa pigHa ploHa mMas3b . OnHo-
S0OBHIIIHII BATTIAL I'CTY 38.001 Masb Ma3b TeMHO- piaHa Masp
JKOBTOTO | %oBTOrOo | OPHY” KOBTOTO
Kombopy | KoMbOpY HEBOTO KOJIBOPY
KOJIBOPY
Temneparypa kpananss, °C ISO 2176 > 250 > 250 > 250 > 250
Konoinna crabineHicTs, % BUIIIEHOT I'OCT 7142 6.5 577 6.43 534
OJIUBU meTonm A
[lenerparis 3a 25 °C
3 mepeMinryBaHHAM 60 TOABIHHUX ISO 2137 283 285 278 282
takTiB (P1), M-10~*
Mexanivna crabinpHicTb, M- 107 :
- meHetpartis 3a 25 °C 3 380 313 350 305
nepemimysanasM 100000 mons. ISO 2137
takTiB (P2)
- 3MiHa MTOKa3HMKa reHerpaiii AP 97 28 72 23
[Ipupict xkucmorHoro gyucia (150 °C,
10 rox), mr KOH/r I'OCT 5734 2.89 2.24 9.6 2.20
Kopoz3iiiHa fist Ha MiJTb ASTM D 4048 la la 1b la
3MarnryBaibHI BIaCTUBOCTI Ha
YOTHPUKYIHKOBIH MaITHI TEPTS 32
(20+£5)°C, H: I'OCT 9490
- HaBaHTa)keHHs 3BaproBaHHA (P) 2323 2323 3283 3479
- HaBaHTaXeHHs kputndHe (Py) 980 980 1098 1098

OCHOBHMIMM TIOKa3HWKAMH TEPMIYHOI CTAaOUTLHOCTI MAcTHJI € TeMIeparypa KpamaHHsS Ta
MaKkCHUMaJbHa po0OoYa Temreparypa. SIk BUIUTMBAE 3 pe3yJsbTaTiB JOCHiKeHb (Tabn. 1), Temmeparypa
KparaHHs MacTUI, 32 SIKO1 BOHO 13 THIACTUYHOTO TBEPJIOTO MEPEXOANTh Y PIIKUH cTaH, mepeButrye 250 °C.

Jiss  BU3HAYEHHS BEPXHBOI TEMIIEPATypHOI MeEXi 3aCTOCYBAaHHS CHHTE30BAHUX MAaCTHII
BHKOPHUCTAHO, K 1 B poboti [15], meron nmepuBatorpadiunoro amamizy. Lleit meron Oasyerbcs Ha
OJTHOYaCHOMY BHUMIipIOBaHHI MacH Ta €HTAJIbBIIII JOCIIIKYBAaHOTO MaTepiay Mix 4yac Horo piBHOMIpHOTO
HarpiBaHHA y TOPIBHSHHI 3 TEMIIEPAaTypOI0 €TaJIOHa — PEYOBHHH, TEMIIEpaTypa SKOi MPaKTUIHO
30iraeThCs 3 TEMIEPATYpOIo MmyHOTro mpoctopy. [Ipu poMy Temmeparypa B medi He Oye Bipi3HATUCS
BiJl TEMIIEpaTypH 3pa3Ka JIMIIE B TOMY BHUIAJKY, KOJIU B 3pa3Ky HE BiOYBa€Thcs HISKUX (i3UIHUX 200
XIMIYHUX TIePETBOPEHb. BIIXWIIEHHS TeMIlepaTypl 3pa3Ka BiJl TeMIIepaTypd HAarpiBy CBIIYUTH PO
MPOXO/KEHHS  (PI3MKO-XIMIYHMX TIEPETBOPEHb B JUCIIEPCHOMY CEPEIOBHUIN Ta AHUCHEPCHIN dasi
MaCTHJIBHHX KoMIo3umii. Ha puc. 1 HaBeneHo nepuBarorpadivyHmii aHai3 KOMITIEKCHOTO KaJIBI[IHOBOTO
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(xCa®K-on) mactuna, kpuBi Brpatu Macu — tepmorpasimerpii (TT') Ta mudepeHiaTbHOro TepMI4HOTO
anamzy ([ITA).
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Puc. 1. JlepuBatorpama 3pa3ka KOMIUIEKCHOTO KaJbIIHOBOrO MacTWJIia Ha TiJPOKCHIBOBAHOMY
docharunnomy konmeHtpati (kCad®K-on): 1 — kpuBa TepmorpaBimeTpii, 2 — audepeHIiaTbHOTO
TEPMIYHOTO aHali3y

Sx BumHO 3 KpuBOi TepMmorpaBimerpii (puc. 1, kpuBa 1) CHHTE30BAaHOrO KOMIUIEKCHOTO
KaJIbI[IHIOBOTO MacTWIa Ha TiAPOKCHIbOBaHOMY (ocdaTuaaomy koumentpari, 1o 180-200 °C BoHO
3aIMIIAETHCS TEPMIYHO CTIHKWAM, BTPATH MacH MPaKTHYHO BifcyTHi. Jlmme 3a nocsraenns 250-300 °C
MMOYNHAETLCS IHTEHCHBHA BTpaTa MacH, OYEBUIHO, 3 XIMIYHUM po3kianoM B iHTepBasi 350-450 °C sk
CaMoro 3arycHHKa, Tak i JUCIIEPCIMHOTO cepeloBHINa MacTuia. BogHodac cuaTe3oBaHo MacTtmiio KCadK-
oH 3 riinepoidochaTuaaMu KalbLito, SK i 1HII MaCTHIIa HA MIJIBHUX 3aTryCHUKAX, yTBOPIOIOTh OCaJI, IKUN
3aJIMIIAETHCS CTATMM B iHTepBai Temmeparyp 650-1000 °C.

Ha kpuBiit mudepeHIiansHOro TepMidHOro aHamizy (puc. 1, KpuBa 2), MOYMHAIOYH 3 TEMIIEPATYPH
350 °C, cnocrepiraeTbCsi HU3Ka €K30TEPMIYHHX €(EKTIiB, SKI XapaKTEPHU3YIOTh TEPMOOKHUCHIOBAIBHY
JECTPYKITIFO0 JUCTICPCIHHOTO CepeIoBHUIIa Ta JUCTIEpCHOT (Pa3u MacTuia.

TakuM 4YHHOM, BEpXHS TeMIepaTypHa MeXa BUKOPUCTAHHS pPO3POOJICHUX MACTHI, 3a
nepuBaTorpadiuHuX TOCITIHKEHb Ta PO3PaXyHKOBO 32 TEMIIEpATypaMu KparaHHs, 3HaXOIUThCS Ha PiBHI
180-200 °C.

Binomo, mo kCa-mactuna Ha HaTOBUX IUCTIEPCIMHUX CEpPeIOBHUIIAX Mpare3aTHi 3a TEMIIepaTyp
180-200 °C ta xapakTepu3yIOThCs JOOPHUMHU 3MAIlyBaTbHUMH BIACTHBOCTSMH.

Sk cBimuath mani Tabm. 1, 3aCTOCYBaHHS K 3aTyCHHKA MACTHJ KaIbIIHOBUX MU T1POKCOKHCIOT
@K no3Bonsie ofepikaTH NPOIYKT, IKUN XapaKTePU3YEThCS MOKPAILICHUMH 3aXHUCHUMHU Ta TPHOOJIOTTYHUMHU
XapaKTEePUCTUKAMHU, IiIBUILICHOIO CTAOUIBHICTIO 1O OKUCHEHHS Ta MEXaHIUHOI i1, He BUKJIMKAIOTh KOPO3it0
KOJIbOPOBUX METAIiB.

XiMiyHI TEPETBOPEHHS JIO3BOJNIWIM YCYHYTH HeCTaOUIbHI LEHTPU Ta JOAATKOBO BBECTH
¢yukuionansHi OH-rpymu 3a moaBifHUMY 3B sI3KaMu, BUPIIIKBIIY TPOOJIeMy HU3bKOI TEPMOOKHUCHIOBAITLHOT
crabimpHOCTI DK, B Hachimok 4oro cuHTe3oBaHe MacTuiio KCa®K.on Ha HOro OCHOBI XapaKTepU3y€EThCs
TEpPMOCTAOUIBHICTIO Ta CTIMKICTIO 70 pyHHYBaHHSA. Pa3oM 3 TMM HasSBHICTH OJHOYACHO JIBOX AKTUBHHUX
enemeHTiB (P, N) [10, 11] migBuigye Tpubonorivni BnactuBocTi Mactun 3pa3kiB KCadK Tak CadK on.

TakuM 4YMHOM, MacTWJIO Ha KalbLIHOBMX MWIax TriapokcwiboBaHoro @K 3a mexaHiuHOIO

CTaOUIBHICTIO, TEMIIEPATYpOI0 KpamaHHS 1 CTIHKICTIO MO OKHCHEHHS 3HAXOAWTHCS Ha PIBHI 31 3paskoM
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kCaoStna 12-ripokcucTeapari Kajiblilo, OMHOYACHO 3 TUM XapaKTepU3yeTbcs AJOOPUMHU MPOTU3aIUPHUMU
BiactuBocTsiMU (EP — extremepressure) 6e3 101aTKOBOTO BBEICHHS! MOJH(DIKATOPIB TEPTH.

[TpoBeneHo OPIBHSIIBHI BUTIPOOYBaHHSI CHHTE30BaHOTO 3pa3ka MacTmia KCad®K.on 3 KoMepiiHuM
aaTudpukniitanm mMactuiioM YHion-2 (IOCT 23510-79), mo npu3Ha4eHO Al 3MallyBaHHS BY3IIiB TEPTS
MIPOMHMCIIOBOTO O0JIaTHAHHS B JTiara3oHi Temrepatyp Big — 10 go + 160 °C. Mactuio siBisie co60ro HahTOBY
OJIMBY 3aryIleHy KaJbLiHOBIMH MHJIAMH KUPHHUX KHCJIOT, CTAOLTI30BaHy alleTaToM KaJIBIIi0 3 I0aBaHHAM
AHTHOKHUCITIOBAGHOTO M TMPOTU3HOIIYBAIGHOTO JIONATKIB. Pe3ynbTaTé MOpPIBHSUIBHUX JIOCHIIKEHb iX
BJIACTUBOCTEN HaBEIEHO B Ta0I. 2.

Ta6muus 2. Bractusocti cuatesoBanoro Ca®K.on MacTmia y MOpiBHSHHI 3 TOBAPHAM MACTHIIOM Y HION-2
HaiimeHnyBaHHS NIOKa3HHKA, Meron Bunpo6o- 3Ha4eHHsI IOKA3HUKIB JUIsl MACTHII
OJIMHUIIS BUMIpPY BYBaHH: kCa®K on VYHion-2
enerpamist mpu 25 °C, mm- 107",
3 TiepeMillly BaHHSIM:

- 60 moaBIMHKUX TAKTIB ASTM D 217 282 336
- 100000 monB. TakTiB 305 428
- AP 23 92
Temneparypa kpananss, °C ISO 2176 > 250 233
Komoinna cTtaOLIbHICTh, Y% BUAIIEHOI OJHUBU T'OCT 7142 metom A 5.34 10.92
[pupict xucnornoro yucna (150 °C, 10 rog,), TOCT 5734 290 589
mr KOH/r
Kopoz3iiina aist Ha MiJb ASTM D 4048 la la
I'panuns mirtHOCTI Ha 3cyB, [1a:
- ipu 50 °C I'OCT 7143 meron b 405 320
- ipu 80 °C 295 250
3MarnyBaibHI BIACTUBOCTI HA YOTHPUKYIBKOBIH
MarumHi Tepts 3a (20+5) °C, H: TOCT 9490
- HaBaHTaXeHHsI 3BapioBaHHs (P;)
- HaBaHTaXeHHS KputHuHe (Py) 3479 2323
P : 1098 980
3axHCHI BIACTUBOCTI B AMHAMIYHUX YMOBAX: «JIMHAKOPOTECT 20-10 43-10*

- IMBHJIKICTH KOPO3ii, MM/pIiK

Kpim nabopaTopHHX METOMIB 3pa3Kd MacTWi BHIIPOOYBaHO Ha CIELIaIbHOMY CTEHI
«/luHakopoTeCcT», AKUI OLIIHIOE 3aXMCHI BJIACTUBOCTI MacTW y AMHAMIYHUX yMOBax [16] 3a Benmu4nHOIO
IIBUAKOCTI KOpPO3ii MiAIIMIHUKIB KOYeHHS. B OCHOBI METOMWUKM BUKOPHUCTAHO TMPSIMHUH METOJ
BUMIiPIOBaHHS NOJSPU3ALIIHOTO OIOPY.

HaBeneni y Tabu. 2 naHi cBig4aTh mMpo Te, IO 3aCTOCYBaHHS SIK KOMIIOHEHTA 3aryCHHKAa MaCTUII
T1IPOKCUIIBOBAHUX JKUPHUX KHUCIOT MoauikoBanoro DK, no3Bommio onepkaTu HOBY MacTUIIbHY
KOMIIO3HIIIIO, IKa XapaKTePU3y€ETHCS MOKPAIIEHUMH 3aXHCHUMH Ta TPUOOJIOTTUHUMH XapaKTePUCTUKAMH,
MIJBUIICHOIO CTIWKICTIO O OKMCHEHHS Ta MexaHiyHoi nii. HasBHicTh (ochop— 1 HITpOreH BMICHUX
CHONYK, SIKi BXOAATH 0 ckiany @K, 103BoHIN MOKPAIIUTHA TPOTU3HOITYBaIbHI BiacTuBOCcTI KCa®K.on
3a MOKa3HUKOM PK Ha JBi CTyINeHI HaBaHTaXXyBaJbHOTO PsTy Ta MiJABUIIMTU MPOTH3aAUPHI BIACTHBOCTI
(P3) Oimpmr Hik Ha 1000 H y mopiBHAHHI 3 MacTWioM VYHION-2, sIKE€ Ma€ y CBOEMY CKJIAAi
AHTUOKHUCITIOBAJIBHUHN 1 MPOTU3HOIITYBATBHHUN JOAATKH.

3a pe3ynabTaTaMu JOCHIPKEHb MEXaHIYHOT CTaOIBHOCTI 3alpOIIOHOBAHOIO MAcTHjIa 32 3MIHOIO
MOKa3HHUKa TMEHEeTpal Micias TPUBAJIOr0 MEXaHIYHOTO pyWHyBaHHA (Ta0i. 2), 3aCTOCYBaHHS y CKIaji

3aryCHUKA KaJIbIIHOBUX MMJ TiAPOKCOKUCIOT MonudikoBaHoro ®K mnpu3BoguTh 10 HOKpalieHHsS
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MEXaHIYHOI CTaOLIbHOCTI MacTuil - pi3HUL (AP) po3poOieHoro mactuia y MOpPIBHSHHI 3 TOBapHUM
3HAYHO 3MeHmmiIaca. Lle mae 3Mory mporHO3yBaTH TPHBAy EKCIUTyaTallil0 y By3JIax TepTsS HOBOTO
MacTwia 0e3 pyiHHYBaHHS Ta BUTIKaHHS.

[TizcymMOBYyIOUM OTpUMaHi pe3yJbTaTH MOPIBHAIBHUX IOCITIKEHb, MOKHA KOHCTaTyBaTH, IO
aHTU(PUKIlIfHE MacTHiIo0 Ha 0a3i TiAPOKCHIBOBAHUX IMOOIYHHX MPOAYKTIB BiJl OJIEXHAPOBOTO
BUPOOHMITBA TOKA3al0 BHCOKi EKCILIyaTaliifHi XapakTepucTHkh. Moro TpuGONOriuHi BIACTHBOCTI
320e3MeuyroThCsl HasIBHUMHU (HOCHOPOBMICHUMH 3aIHMIIKAMH. A YTBOPEHHUH KOMIUICKCHUN MWIbHHUN
3aryCHUK MaCTHJIa XapaKTePH3Y€EThCSI BUCOKHMMH 00’ €MHO-MEXaHIYHUMHU BIIACTHBOCTSIMH, CTIHKICTIO 0

OKMCHEHHS Ta IMpale3/1aTHICTIO 32 BUCOKUX TEMIIepaTyp.

Bucnosxu

1. IlpoBeneHo XiMiuyHy MOIU]IKAIIIFO ITOOIYHHIX MPOITYKTIB BiJT OJ€KUPOBOTO BUPOOHHIITBA 3 METOIO HaJIAaHHS
iM TepMOCTIHKMX BIIACTUBOCTEH. HampaBlieHMM CHHTE30M IPOBEICHO TIAPOKCHIIIOBAHHS 3a ITOJBIHHUMHU
3B’s3KaMu  (hochaTUIHUX KOHIIEHTPATIB M OAepKaHi MPOIYKTH, SIKi € TEpCIeKTHBHUMU KOMITOHEHTaMHU
BHCOKOTEMITIEPATyPHUX TUCTIEPCHUX (Pa3 MIITBHUX MACTHUIL.

2. 3anporioHoBaHa 0€3BiIXOAHA TEXHOJIOTIS T1IPOKCIIIIOBaHHS (HOCPATHAHOTO KOHIIEHTPATY Ta CHHTE3Y
oJieo3aryInryBada KOMIUICKCHOT KaTbIIIHOBOT MaCTHIILHOT KOMITO3HIIIT i Situ.

3. 3 BUKOpPHUCTaHHSAM TiJPOKCHIHLOBAHOTO OJI€O3aryllyBada po3poOJCHO KOMIUICKCHE KaJbIliHOBE
MaCTHJIO, SIKE XapaKTEPHU3YEThCS BHCOKOIO MEXaHIYHOIO CTAOUIBHICTIO Ta BEPXHBOIO TEMIIEPATypPHOIO
Mexeto 3actocyBaHHs 180-200 °C. BcraHOBIEHO, IO HAsBHICTH Tiinepoidoc-GpaTuaiB KaJbIlito
MOKPAIIyIOTh 3MallyBajbHI BJIACTUBOCTI 0€3 [0JAaTKOBOIO BBEACHHS MOIU(IKATOPIB TepTs Ta

3HaXoaAThCA Ha plBHl 3 TOBApHUMHU MACTWJIAMU 3 NOJaTKaAMHU.
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Obtaining high-quality antifriction grease based
on modified fatty acid raw materials

Oleksii O. Papeikin, Irina O. Venger, Larysa Yu. Bodachivska

V.P. Kukhar Institute of Bioorganic Chemistry and Petrochemistry of National Academy of Sciences of Ukraine
1 Murmanska Str, Kyiv, 02094, Ukraine, papeikin@hotmail.com

Currently, the highest quality greases are made on the basis of 12-hydroxystearic acid soaps. But over
80 % of the world’s raw material source of this fatty acid - castor oil - is concentrated in South Asia. This prompts
grease manufacturers to search for alternative raw materials for the production of greases with high thixotropic
properties. The paper demonstrates the possibility of using phosphatide concentrates as components of high-
temperature greases. Active groups in their composition— -OH, -NH,, -CONH, -COOH, -PO(OH), provide
improved protective and tribochemical properties to lubricating compositions, but the existing double bonds
impair their antioxidant resistance. Therefore, a technology for chemical modification of phosphatide concentrate
by hydroxylation of unsaturated bonds with subsequent saponification and insitu complexation of the lubricating
composition has been developed. The physico-chemical properties of the developed complex calcium grease were
studied and a comparative analysis of their quality indicators with greases based on 12-hydroxystearic, stearic
acids and unmodified phosphatide concentrate was carried out. The synthesized grease is characterized by high
mechanical, colloidal stability and high-temperature properties, its upper temperature limit of application, which
is established by the method of derivatographic analysis, reaches 180-200 °C. In addition, this thixotropic system
1s resistant to oxidation, does not cause corrosion of non-ferrous metals and is able to work in contact with water.
Phosphorus-containing residues improve the lubricating properties of the synthesized composition without the
addition of tribological modifiers and surpass the functional additives contained in the commercial grease
Uniol-2. The conducted tests prove the promising application of hydroxylated phosphatide concentrates as
components of high-temperature dispersed phases of soap compositions.

Keywords: phosphatide concentrate, hydroxylation, oleochemical thickener, complex calcium grease
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Fabrication of proton exchange membrane for non-humidified fuel cells based on
polyimide Matrimid® and hydrophobic protic ionic liquid
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New proton exchange membrane based on polyimide Matrimid® (PI) and hydrophobic protic ionic liquid,
I-methylimidazolium bis(trifluoromethylsulfonyl)imide (MIM-TFSI), has been prepared by casting from
methylene chloride/dimethylformamide solution. Infrared analysis revealed physicochemical interactions between
1-methylimidazolium cations and imide groups of PI. The results of mechanical testing indicate significantly
reduced tensile strength of PI/MIM-TFSI composite membrane compared to neat polymer. Moreover, the
dynamical mechanical analysis results revealed sharp drop in storage modulus (£") of the polymer film above
60 °C.

To improve the elastic properties of the membrane, PI was successively cross-linked with polyetheramine
Jeffamine® D-2000 (10 mol. %) in methylene chloride/dimethylformamide solution, as well as in solid film at
100 °C. This approach allowed to prepare Pl/Jeffamine/MIM-TFSI (70 wt. %) composite film which has an
acceptable £’ value of 210 MPa at 140 °C. According to thermal gravimetric analysis data, PI/Jeffamine/MIM-
TFSI composite has a thermal degradation point (i.e. 5 % weight loss) of 286 °C. The ionic conductivity of
PI/Jeffamine/MIM-TFSI composite membrane is around 10™* S/cm at room temperature and reaches the minimal
level of 10~ S/cm, required for fuel cell applications, above 100 °C. Overall, the results of this study indicate that
the cross-linking of polyimide Matrimid with flexible polyetheramine Jeffamine is an efficient approach for
preparing dense composite membrane with high content of the protic ionic liquid. Such polymer-electrolyte
membrane has the reasonable combination of good stiffness, thermal stability, and ionic conductivity and
therefore is a promising candidate for use in fuel cells operating at elevated temperatures in water-free conditions.

Keywords: polyimide, protic ionic liquid, proton exchange membrane, cross-linking, ionic conductivity

Introduction

Polyimide Matrimid® (PI) (Fig. 1) has very unusual and desirable properties combining high
thermal stability (above 450 °C), high glass transition temperature (above 330 °C), and good solubility in
common organic solvents which make it suitable as a matrix resin for specific technical applications. Thus,
Matrimid® is originally developed for use in the microelectronics industry, as well as in the gas separation
industry [1]. Recently, PI has become a popular material for the design of polymer-electrolyte membranes
(PEMs) for high temperature fuel cell applications [2-4]. For such purposes, PEM should combine high
stiffness and ionic conductivity of at least 10~ S/cm in the temperature range 120-200 °C [5].

Protic ionic liquids (PILs), which are low temperature molten salts of Brensted acids and
Brensted bases, has proved to be extremely promising proton conducting electrolytes [6, 7]. PILs have
numerous advantages such as high thermal stability, low volatility, non-flammability, electrochemical
stability, and high ionic conductivity in a wide temperature range. However, taking into account the
dielectric nature of PI matrix, composite PI/PIL. membranes must contain at least 60-70 wt. % of ionic liquid
in order to reach the level of conductivity required for fuel cells [2-4, 8]. Thus, the microporous support
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based on PI Matrimid® was impregnated with hydrophilic PIL, triethylammonium trifluoromethanesulfonate
(TFSu-TEA), to prepare composite PEM with ionic liquid content up to 76 wt. % [2]. At 130 °C, the
membrane exhibits proton conductivity of 20 mS/cm that is very close to that of the pure PIL. At the same
time, PI/TFSu-TEA membrane retains a relatively high storage modulus (E” =202 MPa) up to 160 °C [2]. In
another study, the composite PI/PILs membranes were prepared by immobilization of hydrophobic PILs,
namely 1-alkylimidazolium bis(trifluoromethylsulfonyl)imide salts, in the porous PI [3]. Water immiscible
PILs are considered especially promising due to their potential resistance to leaching during fuel cell
operation. The composite membranes contained 63-72 wt. % of PILs and showed the minimal required level
of ionic conductivity of 10 S/cm at 160 °C [3].

he | CHs
. siraLse
SOR®
0 o)
Fig. 1. Chemical structure of polyimide Matrimid® 5218

From a practical point of view, the use of dense PI as a matrix for composite PEM seems more
economical and convenient compared to porous polymer. However, the main problem of this approach is
to prepare PEM with high ionic liquid content while keeping satisfactory mechanical properties at
elevated temperatures. Thus, a dense composite membrane based on PI Matrimid® containing 50 wt. %
of the hydrophobic PIL, 2-butylaminoimidazolinium bis(trifluoromethylsulfonyl)imide (BAIM-TFSI),
showed significant decrease of storage modulus from 1780 to 75 MPa upon heating to 120 °C [4]. The
cross-linking of the PI with polyetheramine Jeffamine® D-400 allowed to prepare PI/Jeffamine/BAIM-
TFSI (50 %) membrane with £’ value of 300 MPa at 130 °C. The ionic conductivity of this cross-linked
composite membrane reached the level of 102 S/cm at 130 °C suggesting therefore its potential use in
medium temperature fuel cells operating in water-free conditions [4]. However, a significant reduction
in E” value of Pl/Jeffamine/BAIM-TFSI composite occurred at higher temperatures.

In this study, new PEM based on polyimide Matrimid® and hydrophobic PIL, namely
I-methylimidazolium bis(trifluoromethylsulfonyl)imide (MIM-TFSI), has been obtained. To improve
the tensile properties of the composite membrane at elevated temperatures, combined chemical
modification of PI was realized both in the solution and in the solid state by using polyetheramine
Jeffamine® D-2000 as the cross-linking agent. The prepared PI/Jeffamine/MIM-TFSI membrane was
characterized in terms of mechanical properties, thermal stability, and proton conductivity in a wide
range of temperatures.

Experimental

Following chemicals were used for the synthesis of ionic liquid and for the elaboration of
Pl-based composites: I-methylimidazole (for synthesis, Sigma-Aldrich), lithium
bis(trifluoromethylsulfonyl)imide (97 %, Acros), N,N-dimethylformamide, hydrochloric acid (37 %),
methylene chloride (Uoslab, Ukraine). Polyimide Matrimid® 5218 powder and polyetheramine
Jeffamine® D-2000 were kindly supplied by Huntsman (Switzerland).

The ionic liquid MIM-TFSI was synthesized according to the following procedure (Scheme 1).
I-methylimidazole (5 g, 0.06 mol) was dissolved in 30 ml of water and the solution was neutralized with
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hydrochloric acid (10 ml). To the stirred solution of 1-methylimidazolium chloride was added lithium
bis(trifluoromethylsulfonyl)imide (17.2 g, 0.06 mol) dissolved in 60 ml of water. The formed water
immiscible layer was separated and dried at 120 °C for 24 h. MIM-TFSI was obtained as an amorphous
solid of white color having melting point 49-50 °C.

'H NMR (400 MHz, DMSO-Dg): & = 3.86 (s, 3H, CHs), 7.63 (br s, 2H, C4-H, Cs-H), 9.02 (s, 1H, C>-H).

1F NMR (188 MHz, DMSO-Dg): & = -75.2 (s, 6F).

H
/
@ _ (CFSO,),NLi_ @‘
CTJ) c H,0, - LiCl () (CFiSO N
CH, H, (MIM-TFSI)

Scheme 1. Synthesis of protic ionic liquid MIM-TFSI

PI solution in methylene chloride (1 g/20 ml) was prepared. To this solution was added MIM-
TFSI (2.4 g) dissolved in dimethylformamide (5 ml), and the mixture was stirred for 2 h. The solution
was poured onto glass support and the solvent evaporated at room temperature for 24 h until a solid film
was formed. Residual solvents were removed in vacuum 1 mbar at 60 °C for 12 h. Thus, composite
membrane PI/MIM-TFSI containing 70 wt. % of PIL was prepared.

Following method was used to prepare composite membrane based on cross-linked PI. 1g
(0.0018 mol) of PI was dissolved in 20 mL of methylene chloride followed by the addition of 10 molar
percent of Jeffamine® D-2000 with respect to PI. The solution was stirred for 24 h at room temperature
after that the solution of MIM-TFSI (2.4 g) in dimethylformamide (5 ml) was added, and the mixture
was further stirred for 2 h. The solution was poured onto glass support and the solvent evaporated at
room temperature for 24 h until a solid film was formed. It was then kept for 12 h at 40 °C and 12 h at
100 °C. Residual solvents were removed in vacuum 1 mbar at 60 °C for 12 h. Thus, composite
membrane Pl/Jeffamine/MIM-TFSI containing 70 wt. % of PIL was prepared. Control samples of cross-
linked PI were prepared without the addition of ionic liquid.

The vibrational properties of MIM-TFSI and its composites with PI were studied using a Vertex-
70 Bruker (Germany) Fourier Transform Infrared (FT-IR) spectrometer equipped with a DTGS detector.
The spectrum of pure ionic liquid was obtained from a tablet with KBr. PI-based composite films were
placed into contact with the single reflection diamond ATR (Attenuated Total Reflection) crystal and the
spectra were collected at room temperature over the range ~ 400-4000 cm™! at a resolution of 1 cm™.

The mechanical testing of the polymer membranes was performed using P-50 universal tensile
testing machine (Milaform, Russia) at a deformation rate of 10 mm/min. Polymer films were cut into
specimens with the size of 50x10x0.2 mm. An average tensile strength value was calculated from the
tensile strength of 3 individual samples. Dynamic mechanical analysis (DMA) investigations were
carried out on a dynamic mechanical analyzer Q 800 (TA Instruments) in the tension mode at a
frequency of 10 Hz and a heating rate of 2.0 °C/min. The samples for DMA study had a size of
12x4x0.2 mm. The storage modulus (£") was recorded as a function of temperature.

Thermal gravimetric analysis was made using a Q-1500D thermal analyzer. About 100 mg of the
sample was heated from 30 °C to 900 °C with a heating rate of 10 °C/min in air.
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The ionic conductivity of ionic liquid and PI/Jeffamine/MIM-TFSI composite membrane was
measured with the help of impedance spectrometer Solartron SI 1260 in the temperature range from 25
to 160 °C.

Results and Discussion

FTIR-ATR spectra of PI Matrimid, MIM-TFSI, and their composite are presented in Fig. 2. For the
ionic liquid, the main cation characteristic bands are the N-H stretching mode at 3288 cm™!, the ring Cas-H
stretching mode at 3168 cm™!, and the ring Cz-H stretching mode at 3116 and 3083 cm™'. The band at
2986 cm™! is assigned to the symmetric stretching vibrations of CHs group. The band at 1587 cm™!
corresponds to the stretching mode of CH3N group, and the stretching bands of CH3NCN groups are
observed at 1281 and 1330 cm ™' [9]. The bands at 1447 and 1430 cm™! are assigned to asymmetric and
symmetric bending vibrations of CH3 groups, respectively. In the region 1170-400 cm™', the IR spectrum
is dominated by contributions from TFSI anion. The strong bands at 1226, 1240, and 1307 cm™' are
attributed to CF3 symmetric stretching vibrations, whereas the bands at 1200 and 1178 cm™ correspond to
CF3 asymmetric stretching mode [9, 10]. Two SOz asymmetric stretching modes are observed at 1330 and
1355 cm™!, and the band at 1333 cm™ is assigned to SO2 symmetric stretching mode [10]. Further strong
band is SNS asymmetric stretching, C-C stretching, and NCH3 twisting at 1059 cm™!. The band at 658 cm™
! corresponds to SNS bending vibrations. In the region between 500 and 750 cm™ a few strong bending
modes are observed which are assigned to CF3 asymmetric bending at 571 cm™, SO asymmetric bending
at 600 and 616 cm™!, and CF3 symmetric bending at 743 cm™ [9, 10].

a) 1 b) 1
3 g 3288
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2 g 2
: £
: :
=)
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I 1;75 1670V
1714 3280
400 600 800 1000 1200 1400 1600 1800 2000 2500 3000 3500 4000
Wavenumber, cm! Wavenumber, cm™!

Fig. 2. IR spectra: 1 - MIM-TFSI, 2 - PI Matrimid, 3 - PI/MIM-TFSI (70 %)

The spectrum of PI Matrimid contains characteristic bands at 1779 cm™! and 1716 cm™! assigned to
asymmetric and symmetric stretching modes of imide C=O group, respectively, and a small intensity band at
1674 cm™ is attributed to the stretching vibrations of ketone C=O group [11]. The strong band at 1365 and
1092 cm™! are attributed to the C-N-C axial and #rans stretching modes [12, 13], and the bands at 714 and
1424 cm™" are assigned to the out of plane bending vibrations of NCO and NCC bonds [11]. The small
intensity bands at 1487, 1511, and 1620 cm™' are assigned to C—C stretching vibrations of aromatic rings.
The weak bands at 2868, 2927, and 2959 cm™' are attributed to aliphatic C-H stretching vibrations of the
five-membered cycle of PI. The bands at 859 and 1162 cm™ corresponds to out of plane and in plane
bending mode of aromatic CCH groups, respectively [11].
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For PI/MIM-TFSI composite films, the peak position of the bands corresponding to vibrations of
both imide and ketone C=0 groups slightly shifted to lower frequencies, from 1716 to 1714 cm™ and from
1674 to 1670 cm !, respectively (Fig. 2 a). The peak of N-H stretching mode of MIM-TFSI has also shifted
from 3288 to 3280 cm™! (Fig.2b). This may indicate the hydrogen bonding between N-H groups of
I-methylimidazolium cation and C=O groups of PI (Scheme 2). Moreover, with the introduction of
MIM-TFSI, the C-N-C vibrational modes of the imide cycle shifted to higher frequencies: from 1365 to
1375 em™!, from 1092 to 1096 cm™, and from 714 to 720 cm™! (Fig. 2 a). According to these results, it can be
suggested that n-m interaction between 1-methylimidazolium cation and imide cycle of PI occurs (Scheme 2).
Such physicochemical interactions probably cause good compatibility of MIM-TFSI with the polymer
matrix.

\i -3 ~CF
i F.CTI I
H'"o o °

Scheme 2. Possible physicochemical interactions between PI and MIM-TFSI

The results of mechanical testing of PI-based composite membranes are summarized in Table 1. The
high content of the ionic liquid in PI/MIM-TFSI membrane leads to dramatically reduced tensile strength (by
approximately 86 %) compared with neat polymer. However, cross-linking of PI with 10 mol. % of
polyetheramine Jeffamine® D-2000 significantly improved its mechanical properties. Thus,
Pl/Jeffamine/MIM-TFSI composite film has a tensile strength which is almost 58 % of that of a neat PI. At
the same time, low elongation at break indicates a high rigidity of the polymer membrane.

Table 1. Mechanical properties of composite membranes

Sample Tensile strength, MPa Elongation at break, %
PI Matrimid (control) 3842 71
PI/MIM-TFSI (70 %) 5.5¢1 1542
PI/Jeffamine (10 mol. %) 48+2 9+1
Pl/Jeffamine/MIM-TFSI (70 %) 2242 6.5£1

DMA study was further performed to assess the mechanical response of PI/MIM-TFSI membranes
to higher temperatures. Polyimide Matrimid has a high storage modulus (£’= 1340-1200 MPa) in the
temperature range 20-200 °C (Fig. 3, curve 1), indicating its excellent elastic properties as a polymer
matrix for PEM. PI/MIM-TFSI composite film has a significantly narrowed the temperature range of
mechanical stiffness from 20 to 60 °C (Fig. 3, curve 2, Table 2). The sharp reduction of E’ value is
probably caused by the plasticizing effect of ionic liquid on PI leading to soft material.

Recent studies have shown that polyimide Matrimid easily reacts with aliphatic diamines to form
cross-linked structures [4, 14] (Scheme 3). As one can see from Fig. 3 and Table 2, cross-linking of PI
with 10 mol. % of polyetheramine Jeffamine® D-2000 significantly improved its viscoelastic properties.
Thus, PI/Jeffamine/MIM-TFSI membrane demonstrated good stiffness similar to common Nafion-based
PEMs [15, 16] up to 140 °C (Fig. 3, curve 3). The obtained results agreed with previously reported ones
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and indicate that the intermolecular cross-linking increases the resistance of PI/PIL composite

membranes to deformation [4].

Table 2. Viscoelastic characteristics of PI/MIM-TFSI membranes

Erasec, Er-soc | Ermce | o ,
Sample IT\/HZ);C IT\/I}(;(;C TM;; ¢ Er=130°c, MPa | E7=140°c, MPa
PI 1342 1259 1061 1045 1053
PUMIM-TFSI (70 %) 828 24 ; - i
Pl/Jeffamine (10 %)/ MIM-
TESI (70 %) 1012 805 400 296 210

T
50 100

150 200 250 300 350 40
Temperature,”C

Fig. 3. DMA curves of E”: 1 - polyimide Matrimid, 2 - PI/MIM-TFSI (70 %), 3 - PI/Jeffamine/MIM-TFSI
(70 %)

The results of TGA data for PI, MIM-TFSI, and their composites are summarized in Fig. 4 and
Table 3. Ionic liquid has a thermal degradation point (i.e. 5 % weight loss) of 381 °C with a maximum
rate at 456 °C (Fig. 4, curve 2) that indicates sufficient thermal stability for high temperature fuel cell
applications. Polyimide Matrimid has outstanding thermal properties being stable to at least 456 °C with
a maximum degradation rate at 595 °C (Fig. 4, curve 1). PI/MIM-TFSI composite also showed excellent
thermal stability (Fig. 4, curve 3) with a thermal degradation point at 397 °C. Cross-linking of PI with
Jeffamine significantly reduced the thermal degradation point of the polymer, as well as PI/MIM-TFSI
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composite (Fig. 3, curve 4, Table 3). This is probably due to the opening of PI rings, as well as the
presence of flexible aliphatic chains in the polymer structure (Scheme 3).

100

0 T T T T T T T 1
100 200 300 400 500 600 700 800 900

Temperature, °C

Fig. 4. TGA curves: 1 - PL, 2 - MIM-TFSI, 3 - PI/MIM-TFSI (70 %), 4 - PI/Jeffamine/MIM-TFSI (70 %)

Table 3. TGA data for composite PI membrane

Sample Tam=5%, °C Tam=10%, °C T am=20 %, °C T am=50 %, °C
PI 456 500 551 638
MIM-TFSI 381 400 417 447
PI/MIM-TESI (70 %) 397 440 471 601
PI/Jeffamine 316 344 373 600
PI/Jeffamine/MIM-TFSI (70%) 286 377 416 464

The ionic conductivity of MIM-TFSI ionic liquid is 1.9-10 S/cm at its melting point. This value
increases by almost one order of magnitude above 100 °C (Fig. 5, Table 4). PI/Jeffamine/MIM-TFSI
composite membrane has poor conductivity of 3.3-107-8.7-10* S/cm in the temperature range from 25
to 80 °C. This is probably caused by low free volume of the system which creates barriers for efficient
proton transfer in the dielectric PI matrix. With a further increase in temperature, the conductivity of the
membrane significantly increases reaching the minimal level of 107 S/cm required for PEM above
100 °C (Fig. 5, Table 4). This can be explained by enhanced free ionic mobility of MIM-TFSI in the
polymer membrane [4, §]. It is worth noting that the similar results were obtained for PEM based on
microporous polyimide Matrimid impregnated with MIM-TFSI [3].
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Fig. 5. lonic conductivity as a function of temperature for MIM-TFSI ionic liquid - 1 and
Pl/Jeffamine/MIM-TFSI membrane - 2 at 1 kHz
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Table 4. Electrical conductivities of PI/Jeffamine/MIM-TFSI composite membranes as a function of

temperature
Sample o, S/cm
25°C 80 °C 120 °C 140 °C 160 °C
MIM-TESI 3.5-107* 6-107° 1.2-1072 1.4-1072 1.6:1072
P1/Jeffamine/ MIM-TFSI (70%) 3.3-10 8.7-10" 1.5:10° 2.7-107° 44107

Conclusions

In this study, dense polymer-electrolyte membrane (PEM) based on polyimide Matrimid® (PI)
and hydrophobic protic ionic liquid 1-methylimidazolium bis(trifluoromethylsulfonyl)imide (MIM-
TFSI) has been prepared by casting from methylene chloride/dimethylformamide solution. IR analysis
revealed hydrogen bonding between 1-methylimidazolium cations of the ionic liquid and carbonyl
groups of PI, as well as n-m interaction between 1-methylimidazolium cations and imide heterocycles.
Such physicochemical interactions probably cause good compatibility of PI with MIM-TFSI. The results
of mechanical testing indicated significantly reduced tensile strength (by approximately 86 %) of
PI/MIM-TFSI (70 wt. %) composite film compared to neat polymer. Moreover, DMA analysis revealed
a narrow temperature range of mechanical stiffness of this composite from 20 to 60 °C. It can be
explained by the plasticizing effect of ionic liquid on PI at elevated temperatures.

To improve the elastic properties of the PI/MIM-TFSI membrane, PI was cross-linked with
polyetheramine Jeffamine® D-2000 (10 mol. %) in two successive stages: in methylene
chloride/dimethylformamide solution at room temperature, as well as in solid film at 100 °C. The
prepared Pl/Jeffamine/MIM-TFSI (70 %) composite membrane demonstrated an acceptable storage
modulus E' (400-210 MPa) in the temperature range 120-140 °C. According to TGA results, cross-
linking of PI significantly reduces the thermal stability of the polymer. However, Pl/Jeffamine/MIM-
TFSI composite has a thermal decomposition point of 286 °C which allows its use in high temperature
fuel cells. The results of electrochemical impedance spectroscopy suggested that PI/Jeffamine/MIM-
TFSI membrane has poor ionic conductivity (of the order of 10~ S/cm) in the temperature range from 25
to 100 °C. Above 100 °C, the conductivity of the membrane reaches the minimal level of 10 S/cm
required for fuel cell applications. Thus, the cross-linking of polyimide Matrimid with flexible
polyetheramine Jeffamine allows to prepare a dense composite membrane with high content of the protic
ionic liquid. The new PEM demonstrated acceptable mechanical stiffness up to 140 °C, as well as good
thermal stability and ionic conductivity that indicates its availability for use in fuel cells operating at
elevated temperatures under anhydrous conditions.
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Onep:xaHHsI NPOTOHOOOMIHHOI MeMOpPaHu /il 0€3BOJHUX NMAJTMBHUX €JIEMEHTIB HA

ocHOBi mo.iimMiny Matrimid® Ta rigpodo0Hoi npoTonHoi ionHoi pinunn

Cepriii I1. Poraascokmii ! *, Oxcana I1. Tapaciok !, Tersina B. UepHsiBcbKa 2,
Harauis B. Ba6kina 3, Ouer B. [I:ky:xka !, Oaena B. Illuoupun !, Cranicaias M. Maxno 2

! Incmumym 6ioopaaniunoi ximii ma nagpmoximii im. B.I1. Kyxapsa Hayionanvnoi akademii nayx Yxpainu
Xapxiscoke wioce, 50, Kuis, 02160, Ykpaina, sergey.rogalsky@gmail.com

2 Incmumym ximii nosepxni in. O.0. Yyiika Hayionanonoi axademii nayx Ypaiu

eyn. I'enepana Haymosa, 17, Kuis, 03164, Vkpaina

3 Incmumym ximii sucoxomonexynapuux cnonyk Hayionanonoi axademii nayk Ypainu

Xapxiscoke woce, 48, Kuis, 02160, Yxpaina

Ojiep’kaHo HOBY MPOTOHOOMiHHY MeMmOpaHy Ha OCHOBI momiimimy Matrimid® (TTI) i rimpopo6uoi

MPOTOHHOI 10HHOI pimmHU Oic(TpudropmermicynbdoHin)iMminy 1-mernriminazomiro (MIM-T®CI) nonmuBoM 3
PO3YMHY B CYMIIITi METWIICHXJIOPHA/ nuMeTrihopMamia. AHami3 MeTooM iH(ppadepBOHOT CIIEKTPOCKOITIi CBITUYNTH
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mpo (Gi3UKO-XIMIUHY B3a€EMOMII0 MiX KaTioHaMH |-MeTWiiMinaszoiito Ta iMimanMu rpymamu [II. 3rimao 3
pe3yJibTaTaMi MEXaHIYHHUX JOCIipKeHb, koMito3uTHa tutiBka [1I/MIM-T®CI Mae cyTTe€BO 3HIKEHY MIIHICTh Ha
po3puB (Ha 86 %) y MOpiBHSAHHI 3 YUCTUM moJliMepoM. Kpim Toro, MeTogoM TUHAMIYHOTO MEXaHIYHOTO aHANi3y
BCTAHOBJICHO Pi3Ke 3MEHIIICHHS MOIYJISI MPY>KHOCTI (£ ") moyiMepHoi MemOpanu 3a Temneparypu uire 60 °C.

Jnis moKpaieHHsT BiCKOEJTaCTUYHUX BIIACTHBOCTEH MNPOTOHOOMIHHOT MEMOpaHH IPOBEACHO XiMiuHE
smuBanss 111 3a nonomororo nonierepaminy Jeffamine® D-2000 B cyminli MeTHIEHXIOPH/ AUMETHIDOPMAMIJ, a
Takok y TBepaid ¢aszi 3a temmeparypu 100 °C. 3acTocyBaHHS TaKOrOo METOAY JAaj0 MOXIIMBICTH OTPHMATH
kommo3utHy TIiBKy [lII/Jeffamine/MIM-T®CI i3 BMicroM ioHHOI pimuan 70 MacoBHX BIICOTKIB, SKa Mae
3a70BiIbHY BenmuuHy £ (210 MIla) 3a temneparypu 140 °C. 3rigHo 3 pe3yibTaTaMd TEPMOTPaBIMETPHYHOTO
aHalizy, KOMIO3UT Ma€ TeMIepaTypy Ho4arky nectpykiii 286 °C. loHHa MpoBiTHICTF KOMIO3UTHOI MeMOpaHH
I1/Jeffamine/MIM-T®CI mae mopsmox 10 CM/cM 3a KiMHATHOI TeMIIepaTypH i JOCATa€ MiHIMANBHOTO PiBHS
10 Cm/cM, HeOOXigHOrO s 3aCTOCYBaHHA B TAIMBHUX eJeMEHTax, 3a Temmepatypu sume 100 °C. Takum
YHHOM, pe3yJIbTaTH Li€i poOOTH CBiAYaTh, IO 3UIMBAaHHS modiimMigy Matrimid rayukum nomierepom Jeffamine €
e(eKTUBHUM METOJOM OJep>KaHHS CYLIJIbHOI KOMIO3UTHOI MEMOpaHH 3 BHCOKMM BMICTOM HPOTOHHOI 10HHOI
pinuan. Taka MeMOpaHa Mae ONTUMAalbHE TOEIHAHHS MEXaHIYHOI KOPCTKOCTI, TEPMI4HOI CTIMKOCTiI Ta 10HHOI
MPOBIAHOCTI 1 € MEPCIEKTUBHOO ISl 3aCTOCYBAaHHS B MAJMBHHUX €JIEMEHTaxX, AKi (yHKIIOHYIOTh 3a MigBUILEHOT
TEMIIEPaTypH i 32 BIICYyTHOCTI 3BOJIOKEHHSI.

Kniwowuoei cnoea: moniimin, NpOTOHHA i0HHA piJWHA, MPOTOHOOMIHHA MeMOpaHa, 3MIMBaHHS, 1OHHA
MPOBITHICTH
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o 70-pivus wiena-kopecnongentTa HAH Ykpainn

Ceitnanu MukuTiBHH OpJiiuk

10 mororo 2023 poky BunoBHMIocs 70 pokiB wieHy-kopecnionaenty HAH Vkpainu, noxropy
XIMIYHUX HayK, Tpodecopy, 3aBiAyr040i BiIIIJIOM KaTATITHYHUX OKHCHO-BITHOBHHX TpoI1eciB [HCTUTYTY
¢dizuunoi ximii im. JI.B. TTucapxkeBcrkoro HAH Vkpainu Ceitiaani MukutiBai Opauk. C.M. Opnuk
npaittoe B [HctuTyTi 3 1977 poky, micis 3aKiHYEHHS XIMIKO-TeXHOJorigyHOrO (hakynbrery KuiBchbkoro
MOJIITEXHIYHOTO 1HCTUTYTY.

C.M. Opnuk — BifoMuii BueHHil B TaTy3i reTeporeHHOro KaTaiisy. Il po6oTH BH3HaHI HAYKOBOIO
CHJIBLHOTOIO B YKpaiHi Ta 3a ii MexaMu, 3p00HIH BarOMHi BHECOK Y PO3BUTOK HAyKOBHX 3acaj CTBOPCHHS
HOBUX KaTaji3aToOpiB Ta MPOIECIB 3a iX Y4acTIO I €KOJOTIYHOTO Ta MPOAYKYHYOoro Kartamizy. Psn
PO3pOOOK, CIIPSIMOBAHUX HA 3HEIIKO)KEHHS ra30BUX BUKH/IIB, 3HAWIIUIA 3aCTOCYBAHHS Ha IPAKTHIIL.

C.M. Opnuk — aBTop nonan 360 HayKOBUX Ipallb, OMyOJIKOBAaHUX Yy MPOBITHUX BITYM3HSAHHUX Ta
3apyODKHUX (DaxOBUX BHUIAHHIX, OPHUTIHAIBHICTH i1 HAYKOBO-TEXHIYHUX PO3POOOK 3axuiieHa 23
nateHTamu. HaykoBy nisuibHICTE C.M. OpiuK yCHIIIHO MOEIHYE 3 HAYKOBO-OPraHi3aliifHOI0, €KCIIEPTHOIO
Ta BUKIAJAIBKOIO ISIIBHICTIO; Oyia WIEHOM HAayKOBHX KOMITETIB PSIy MDKHAPOIHUX CHMIIO31yMIB 3
KaTaiizy, akTUBHO TPAITIOE Y CKIIAJI PEIAKIIHHUX KOJeTii xypHatiB « TeopeTuyHa Ta eKCriepuMeHTaIbHa
ximisp» 1 «Karaniz ta HadToXiMis».

Hayxkogi 3100yTku C.M. Opnuk BigzHaueHo opaeHoM kHsaruHI Onbru Il crynens, JlepxxaBHOrO
npemiero YKpaiHu B raimy3i Hayku 1 TexHiku, [TouecHoro ['pamoToro BepxoBroi Panu Ykpaiau, mpemiero
im. JI.B. ITucapxescekoro HAH Vkpainm, Bimzaakoro HAH Ykpainu «3a npodeciitai 3100y TKI».

Penkoneris «Karamiz Ta HadTOXIMisH» Ta KOJETH MHUPO BiTaloTh CBITIIaHY MUKHUTIBHY 3 I0BLUICEM
1 0aKaroTh 3/I0POB’ s, TBOPYOi HACHATH, CHJIA Ta €HEPTIi 1711 HOBUX JIOCATHEHb.
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o 60-pivus uwinena-kopecnongenta HAH Ykpainn

Ilerpa €Brenosuya Crtpuxaka

16 6epesns 2023 poky BumoBHIIOCS 60 POKiB BiIOMOMY BYCHOMY B Taity3i (i3UIHOI XiMil, WiieHy-
kopecnionzienTy HAH Ykpainu, 1okTopy XiMIYHUX HayK, Tpodecopy, 3aBiayBady BiJIJIOM KaTaTITHIHUX
CHHTE31B Ha OCHOBI OJTHOBYTJICIIEBHX MOJIeKyJl [HcTuTyTY (hi3muHOi Ximii iM. JI.B. TucapsxeBcekoro HAH
VYkpainu (10X), Ilerpy €Brenouuy Crpukaky.

[1.€. Crpmxak y 1986 pori 3akinuuB KuiBcbke BimaiieHHS MOCKOBCHKOTO (hi3MKO-TEXHIYHOTO
iHcTUTYTY (M®TI) 1 3 Toro wacy mo rtemnepimniii, npamoe B I®X. Cranosnennio I1.€. Ctpuxkaka, sk
BUCOKoOMpodeciiiHoro ¢axiBusg B ramxysi Gizudnoi XiMii crpusia Horo podoTa y MpoBiTHUX HAYKOBHUX
nentpax CIIA (1995), Kananu (1995-1997), Himewquunu (2000, 2001).

I1.€. Ctpuxax 3poOMB BaroMuii BHECOK y PO3BUTOK XIMIYHOI KIHETHKH 1 KaTalli3y, MaCOIEPEHOCy,
¢bi3uKo-ximii HaHOMaTepiaiB, HEPIBHOBAXKHOT TEPMOIUHAMIKH, KBAHTOBOI XiMii, HEPIBHOBa)KHUX SIBHILI.
PO3MIpHHX 1 KBAHTOBO-PO3MIpHHUX €(DEKTIB y reTepOreHHOMY KaTali3i, BIUIUBY (ppakTaabHOI CTPYKTYpH
TBEPJUX TUI Ha 1X KaTaJITHYHI BIACTUBOCTI Ta KIHETUKY T€TEPOTreHHO-KaTAITHYHIX PEaKLiil.

I1.€. Crpmwxkak — aBTop noHajg 400 HayKoBHX Ipallb, 30KpemMa, 7 MOHOrpadiil 1 miIpy4YHHUKIB,
54 aBTOpchkuX cBimonTB Ta nateHTiB. [1.€. CTpukak Beie akTUBHY HayKOBO-OpraHi3alliifHy, eKCIepTHY
Ta BUKJIAJAIbKY JiSUIBHICTD, IPAIIOE B CKJIQAI HayKOBHUX (axoBHX KypHamiB. I1ix Horo kepiBHUIITBOM
3axHIIEH] 3 TOKTOPChKi Ta 9 KaHAMIATCHKUX JAUCEPTAIiil.

I1.€. Crpwxak — naypear [lepxaBHoi npemii YkpaiHu B Taiay3i HayKH 1 TEXHIKH, Npemii
im. JL.B. ITucapxecbkoro HAH VYkpainu, Haropomkenuit Binznakamu HAH Vkpainn «3a npodeciiini
3100y TKM», «3a MiArOTOBKY HAYKOBOI 3MIHU», «3a COPUSHHS PO3BUTKY Hayku», [Touecaumu I'pamoramu
MinicrepctBa ocBith 1 Hayku Ykpainu, IIpesunii HAH VYkpainn ta LK npodcninku mpariBHHUKIB
HAH Vxkpainu.

Penxoneris «Karani3 ta HadToxiMis» Ta Kojeru mupo BitaioTh Ilerpa €BreHouua 3 oBiIeeEM,

3U4aTh HOMYy TBOPYOI HACHaru MiLIHOFO 340 OB’sI Ta BTIJIEHHSI HOBUX TBOPYHMX 3a1 MIiB.
) y
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o 70-pivus uwinena-kopecnongenta HAH Ykpainn

Bosonumupa BikropoBuua bpest

28 xoBTHA 2023 poky BHUIOBHIOETHCS 70 pOKIB BiloMOMY (haXiBIIO B Tally3i Te€TEPOr€HHOTO
KHCJIOTHO-OCHOBHOTO Kartaiily, wieHy-kopecronaeHTy HAH Ykpainu, nokropy xiMiuHuX Hayk, mpodecopy,
mupektopy [HeTUTyTY copOrtii Ta mpodsiem eHmoekosorii HAH Ykpainu, ronoBHoMy pemakTopy 30ipHHKa
«Karani3 ta Hagroximisn» Bosiomumupy BikTopouuy bpero.

[Ticns 3akiHdeHHs XIMIYHOTO (hakyinbTeTy MOCKOBCBHKOTO JepskaBHOro yHiBepcutety (1976 p) i1
acmipantypu B [HcTHTyTI diznunoi ximil iM. JI.B. TTucapxkeBcbkoro HAH VYkpaiau (1981 p), B.B. bpeii
npamtoBaB B [HcTuTyTi XiMmii moBepxHi HAH Ykpainu (1982-2003pp.), B Tomy yucii 17 pokiB 3aCTyITHHKOM
JTUpeKTopa 3 HaykoBoi podoTw. [Ticist 3axucty qokTopehKoi aucepraitii, B 2003 porri nepeiios 10 [HCTUTYTY
cop6ii Ta nmpobiiem eHmoekosorii HAH Ykpaiau, me 0o4oauB BiIiI TETEPOreHHOTO KHCIOTHO-OCHOBHOTO
karamzy. Y 2005 pori oMy prucBO€HO 3BaHHA mpodecopa, a B 2009 p. — 06paHO WICHOM KOPECTIOHACHTOM
HAH VYxkpaiau (katamiz). 3 2017 poky B.B. bpeit — mupexrop ICITE HAHY, 3 2020 poky —T0oIOBHUI peaaKTop
HaIroro 30ipHHKa.

B ocranni 20 pokiB mocmimkeHHss B.B. bpes mepeBaxHO HampapieHI Ha PO3POOKY HOBHUX
KaTaJIITUIHUX TIpoIeciB I oTped Ykpainu. 3okpema, criibHO TOB «Bupobnuya rpyma TexiHcepsicy
pospobiieno HoBy HPPOa texHomorito onep»aHHs MPOIICHOKCHTY 3 TIPOIJICHY Ta TIEPOKCUIY BOIHIO, SIKY
peamizoBaHo B 2020 pomi Ha ycrtaHoBii mnoTyxHicTio 2 Tuc. T [IO/pik nHa Kamycekomy TOB
«KapnarnadtoxiMm». Ha 0CHOBI TIOHOBITIOBaJIbHOI CHPOBHHU PO3POOJICHO TaKOXK HOBI MPOIIECH OACP KaHHS
010pO3KJIAHOTO JIAKTUIY Ha OCHOBI JIOCTYIHOTO IJIIIEPUHY, CHHTE3y eTuianerary, 1,l-mieTokcuerany Ta
Oyranomy 3 Oioeranomy Ta iHmmn. Cepen Horo «(pyHIAaMEHTATIBHUX» pPE3YJbTAaTIB MOXKHA BiIMITHTH
BUMIPIOBaHHS 3HAYCHHS (PYHKIIIT KUCIOTHOCTI ['aMmeTa a1t psity TBEpAMX OKCHUIIB 32 miaBuiieHux 10 200 °C
TeMIIepaTyp Ta Kopensii Mix XiMiurumu 3cyBamu & (R'OH) ta § (R'*COH) crmpriB i iX 371aTHiCTIO 10
JeriapyBaHHs Ta Aeriaparaitii. Bid € apropom nmonan 170 HaykoBux crareit Ta 30 mareHTIB.

3nauny ysary B.B. Bpeii mpuninus (crimero 3 mpodecopamu Pomarnom JleGomoro Ta Momantoro
Hapxkeru-Muxanek 3 JIro6miacskoro Mapii Kropi-CkionoBcbkoi YHiBepcutery Ta  wi.-kop. HAH Ykpaian
IO.I. TapaceBuuem i1 akamemikom HAH VYkpainm M.T. Kaprenem) opranizamii B 1995-2018 pokax 16-tu
VYxpaino-Tlonbcekux cummosiymiB «Theoretical and experimental studies of interfacial phenomena and their
technological applicationsy, 6ubIIICTE 3 SIKHX Oyi10 poBeaeHo B JIroo6mini, Kpakosi, JIbBoBi Ta Ofeci.

Penxoneris «Karami3z ta HadTOXiMis», KOJIETH 1 Apy3i mHUpo BitatoTh Bomomumupa BiktopoBuya 3
IOBUJIEEM 1 O@XKarOTh JOOPOTO 37I0POB’Sl Ta HOBUX MPO(DECIHHUX JOCATHEHb.
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IHam’siTi mpogecopa Muxaiisia Mukosnainosuya bparuyaka

20 cepmnust 2023 poxy, Ha 78 pomi XKHUTTS, BIIIHIIOB y BiuHICTH mpodecop kadenpu ximigHoi
TexHoJoril nepepodkn HadTh Ta rasy HarionansHOTO yHiBepcHTETy «JIBBIBChKA MOJITEXHIKA», JTOKTOP
XIMIYHUX HayK,3acIy)KeHU Jisid HAYKH Ta TEXHIKK YKpaiHu, 6araropiuHuii uieH peakosnerii «Karamis ta
HadToXiMisD» Muxaiinio MukosaiioBuu bpatuuak.

Bess mpodeciitHa Ta HaykoBa AisUTbHICTH Muxaiinma MukomaiioBuya TIOBsi3aHa BIIAacHE 3
HamionaneHuM yHiBepcuTeTOM «JIBBIBChKA MOJMITEXHIKA», (PAKYIBTET TEXHOJOTII OpraHiYHUX PEYOBUH
SKOTO BiH 3akiHumMB B 1969 pomi. B 1980 p. BiH 3aXHMCTUB KaHAMIATCHKY aucepraiito, a y 1990 p. -
JIOKTOPCHKY amcepTariito. Buene 3BanHs «mpodecop» oMy Oyio mpucymkeHo y 1993 p. 3 1994 p. (o
2021 p.) M.M. Bparnuak 3aiimae nocay 3aBigyBada Kadeapu XiMidHOI TeXHOIOTII mepepoOku HapTH i
razy HY «JIbBiBChKa momiTexHika», a 3 2021 p. - mpodecopa kadeapn XiMidHOT TEXHOIOTI IEpepoOKH
HadTu 1 rasy. [1ix kepiBHUIITBOM Npodecopa bparnuaka 3axuIneHo Bi JOKTOPChKi Ta 20 KaHIUIATCHKUX
JUcepTarlii.

M.M. Bparudak OyB 3aCHOBHHKOM 1 TOJIOBHHM PEIAaKTOPOM aHIIIOMOBHOTO XypHany Chemistry
and Chemical Technology, o BxomuTh 10 HaykoMeTpuaHHX 0a3 Scopus i Web of Science. 3amodarkoBana
HUM HayKOBO-TeXHIYHa MiKHapoaHa kKoH¢epeHmiss «Advance in Petroleum and Gas Industry and
Petrochemistry» 3aBxnu Oyna OakaHOO 1 OYiKYBaHOIO TOAi€I0 y cTiHax JIbBiBCHKOI momiTexHiku. BoHa
oprani3oByBaiach 11 pa3iB i 00’€qHyBasIa COTHI HAYKOBIIIB 3 PI3HUX KOHTUHECHTIB.

M.M. Bparnuak Bigomwuii (axiBelb 3 CHHTE3y MOHO- W OJNIrOiHII[iaTOpiB Ta OJEpXaHHA Ha ix
OCHOBI HOBHUX ITOJIIMEpHUX MaTepianiB. HuM po3po0ieHi TeopeTudHi OCHOBH XiMiYHOTO MOAM(DIKyBaHHS
eTMOKCUIHUX CMOJI TiIpONepoKcHIaMH Ta (YyHKIIHHUMH TEPOKCHIAMH Y TPUCYTHOCTI PI3HUX 3a
npuUpool0 KaramizartopiB. Bin nHamumcaB monan 860 mpamp, orpumaB 50 mareHTIB, € CITIBABTOPOM
12 moHoTrpadiii.

3a inimiatuBor0 Muxaitla MukomaiioBrda 3 2021 poky 70 KepiBHUITBA KaQeaporo MPUCTYITHIA
KOropTa MOJOAmHMX TpodecopiB, a BiH O OCTAHHHOI'O MOMEHTY CBOTO JKHTTS 3aiiMaBCs HayKOBO-
MearoriYHo0  po0oTOI0 K Tmpodecop kadeapu XimiuyHOiI TexHomorii mepepoOku HadhTH Ta Tazy
HamionansHoro yHiBepcuTeTy «JIbBiBChKA MOJITEXHIKAY.

BiH mimoB Big Hac, 3aJIMIIKABIIN IO cO01 10OpY mam’sITh Ta TiaHI cnipaBu. Muxaiino MukonaiioBug
MIPOXKUB SICKpaBe Ta KPacWBE, TMOBHE HANpPYXEHOI HAYKOBOI POOOTH KUTTA. 3aBKAu OyB NPHUKIAIOM
CTpaBEJIMBOI Ta XOPOIIOi JIIOMUHH, T0OpUM (axiBIeM CBO€I CIpaBH, BiTAHUM POOOTI i KOJIEKTHUBY.
[{apcTBO HeOecHe 1 BiuHA HOMY TTaM’SITh.
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ITam’siTi mpodecopa Kazumupa IBanosuua IaTpuisika
(10 85-pivusi 3 1HA HAPOIKEHHS)

Kasumup IBanoBuu I[latpumsak (1938-2015) — ykpaiHChKMI BYEHHMI y Tranmy3i Kartajizy Ta
HaTOXIMii, JOKTOP XIMIYHHX HayK, mpodecop, akagemik Hadro-razoBoi akagemii HayK.

VY wmansoBHMuOoMy mnepearip’i beckun Ha JlemkiBIIMHI Memkanu OaTbKM MailOyTHBOTO
npodecopa — IBan Muxaitnosuu Ilatpunsk — y c. Haropsau CsHonpkoro mnoBiTy PsimiBcbkoro
BoeBojicTBa (Ilompima), mat — Mapis MuxaitniBaa [latpunsak (Jlenbo) — Hapoaumacs Ta Bupocna y
cycinabomy ceini Bonst CenbkoBa. Kazumup IBaHOBHY OyB ApyruM CHHOM Y cenlsHCBKINA poauHi. Komu
oMy OyJoO JMIIe KiJbKa POKIB Y HACHIIOK HEIIaCHOI'O BMIAJIKY 3arWHyB Horo crapuuii Opat, sKOro
BBaXKaJIM KpallUM YYHEM MICIIEBOI MIKOIH. BiH mokoiThest Oiist pyiH cTapoi JIEMKIBCHKOI IIEPKBH, KOJIO
SKOI 3HAMILIM CBO€E BiYHE MpUcTaHuLIe U iHII npeaku Kasumupa [BanoBHya.

VY yvacu Jlpyroi cBiTOBOi BiliHM cel0 3HaxXoquiiocs B pailoHi O00MOBUX Nil, TOMY POJAMHI 4acTo
MIPUXOAUIIOCS TIepexXoByBaTHcs y Jici. JlepeB’siHa xaTta 3ropina i neBHuM dac cim’s [latpusikiB mMemikana
B TOJBCHKIM poauHi, mo ix mnpuroTwina. [licns BifiHM 0aTbko WIOWHO pO3MOYaB BiAOYJOBYBaTU
MOMEIIKAHHA SIK CMITKalo HOBe HemacTs — PansHcekuii Coro3 iHIIIIOBAB Tak 3BaHUM «J10OpOBLIbHUN
oOMiH» HaceneHHAM MK [lombChbKOIO HapOAHOIO pecHmyOiKOI Ta YKpaiHChKOIO PaasSHCHKOIO
comiamicTuuHoo pecnyOmikoro. [louanmacs cymHo3BicHa omeparnito «Bicma». Poauna Ilatpumski 3
ZIBOMa MaJIUMH JIThbMH MOTpanuia B YUCIO NEPUIMX MEPECEICHIIIB, 10 3MYIIeH] OYI1 MOKUHYTH PiAHUN
Kpai, 310paTH BOPOAOBXK 100U HEXUTPHH MOOYTOBHM CKapO Ta ONMUHUTHUCS Y TOBAPHUX 3ali3HUYHHUX
BaroHax, 1110 HaBecHi 1946 poky Bupymmiu 3i craniii CaHOK 10 MicTeuka 300poBa Ha TepHOMUIBIINHI.
VYkpaiHa 3ycTpina iX XOJIOZHUM BiTpoM Ta cHirom. [lepemnsikaHi Jtoau aymany, 1O OMUHWINCA Yy
Cubipy... Onnak, ix posnoximmian ao cena ['ai Posrompki 300piBcbkoro paiiony. Cinbcbka paja
BuAlIMIa iM HenoOynoBaHWH OyIMHOK 3aruOiioro mnosska. Baxkum OyB mepmuii pik B YKpaiHi:
MiIpBAaBIINCh HA MiHI, 3ardHyB HOro MOJOAMNNA OpaT, MoMepia HOBOHApOJKEHa cecTpa. BiH
3aJIMIIUBCS €JMHOIO IUTHHOIO Y CIM’T.

Came y ceni ['ai Po3romnpki Kazumup IBanoBuu mimoB g0 mkonu. HaBuarounch y cepemHiit
IITKOJI1 BiH MPOSIBUB HeaOMsiKi 310HOCTI. 30eperiiacst KHUTa 3 JapuuM HaamucoM «BiIMIHHUKY HaBYaHHS
yuHio 6-a kiacy Ilatpuisaky Kasumupy Big Aupekiiii mMKoOJIW» Ta MKUTBHUN JKypHaNT i3 OJHUMH
m’satipkamu B psagouky michs imeHi K. [Marpunska. Ille B mkoni Kasumup IBanoBuu BusBUB cebe
PI3HOCTOPOHHBO 00JAPOBAHOI0 OCOOWCTICTIO: MPOSIBIISAB JKUBUH 1HTEpeC A0 (PI3MKU Ta PamiOTEXHIKH,
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pa3oM 3 JIpyroM poOHWB caMOpPOOHI pamionpuiiMayi, ONHCKy4Ye IeKIaMyBaB IMOe3ii Ta MUCaB YyIOBi
TBOpYi poOoTu. Bumrenpka mitepaTypu Oyna mepexoHaHa, MO BiH Mae craTé Qimomorom. OpHak,
3aKIHYMBIIN CEPEIHIO MIKOJTY 31 cpiOHOI0 Memamto y 1956 pori, K.I. [Tatpuiisk 3a mopamoro cTapiioro
npyra-3emisika  Jlema Map’saa MuxaiinoBuda Bctynmae Ha HadtoBuit  daxymnerer JIbBiBCHKOT
MOJTITEXHIKH.

- - T

VYpoxk BilicbkoBoi miarorosku. K. Ilarpusnsk — m’situii cipaBa B mepeHsi

Crynent [larpmisik K.I. moBHICTIO mOpHHYB y cBIT Hayku. Came BIPOAOBXK MEPIIMX JBOX POKIB
HABYaHHS BIH CAMOCTIHHO TOTJIMOWB 3HAHHS 3 HIMEIBKOI MOBH, 13 3aXOIUICHHSIM YUTaB XYIOXKHIO
miTepatypy y opurinaini. He 3a0yBaB i moJlbChKy MOBY, BIOCKOHAIHB 3aKJIa/ICHI B JUTHHCTBI IMOYATKH,
po3iOpaBcs B ckiaaHiil rpamartuii. Ili3Hime, BiH qyXe IKOAYBaB, 10 TOJI B MOJIO/I POKH HE MPUALITUB
HAJIC)KHOT yBaru aHIMHCHKIA MOBI, sika He3a0apoM cTajia MaHiBHOIO Y HAyKOBOMY CBITI, 1 SIKy BiH, 3HOB-
TaK{ CaMOCTIITHO, OCBOIOBaB y’k€ OyJy4H JOKTOPOM Hayk. Buxossum 31 BIacHOTo TOCBily, BBa)KaB, II0
HATOJIETJIUBICTh Ta MOBCAKICHHA POOOTa Ha/l COOO0I0 JO3BOJISE CAMOCTIIHO OMaHyBaTH OyAb-SKi 3HAHHSI.

= - =

K.I. [aTpunsk (nepimii crpaBa B HXKHBOMY Psily) 13 OHOKYPCHUKAMU

Catalysis and Petrochemistry, 2023, 34



128 Kamaniz ma nagpmoximis, 2023, No34

3akinuuBmmM Kadeapy XiMigHO1 TexHOJOTril HadTH Ta razy Oys HampasineHuid 10 M. Kuesa (hoTo)
1o IactutyTy Ximii momimepuux marepianiB (IXIIM) AH YPCP. Kasumup [BaHOBHY 3aBXK1M TOpAMBCA,
o 3aKkiHuYuB came [lOMITeXHIYHWI 1HCTUTYT, OCKIJIBKM II€ JaBajio OUIbIIE MPAKTUYHUX 3HAHb Ta
HaBukiB. Hikonm He 3a0yBaB cBOIO alma mater, mpakTHyHO IOPOKY OyBaB y JIBBOBI Ta MiATPUMYBaB
TicHI 3B’sI3KM 3 pigHOIO Kadenporo. BiH OyB MOCTIHHMM aKTUBHUM YYaCHUKOM YCiX KOH(EpeHIii
JIBBIBCHKOT MOITEXHIKH, TPUi3IUB OTIOHYBATH TUCEPTAIIii.

bins nenrpansHoro Kopmycy JIbBIBCHKOT MOITEXHIKH
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VYce cBoe xutta Kasumup [BanoBmu mparroBaB y oOiacti Hadroximii. 3a 4ac cBOi HayKoOBOI
Kap’epu B akajeMii HayK YKpaiHu BiH 00iiiMaB 1mocaay BijI iHKEHepa J10 3aBilyBada BiIJiTy, BAKOHYyBaB
000B’s13KM 3aMiCHUKa AupekTopa. [Ipu 1ipoMy Horo maM’sITaroTh HE TPOCTO K KEPIBHUKA, a MEPII 3a BCE
SK TQJTAaHOBUTOTO XIMiKa-eKCIIEPUMEHTATOPA, SIKUH 3pOOHMB BIACHUMHU PyKaMH HE OJHY YCTAaHOBKY JJIS
peamizamii psAay KAaTATITUYHUX peakmid. Y MOJOAi pOKH, Oyaydd 3aXOIUIEHUM CBOEIO
eKCTIEpUMEHTAIBHOI0 pPOOOTOI0, MPAKTUYHO JKWUB Yy Jaboparopii. MaB «3070Ti pyKW» Ta BOJIOMIB
MaHCTEpHICTIO CKJIOAYBHOTO MHCTENTBAa Ha BHCOKOMY piBHI, III0 HE pa3 JOMOMAarajio IMpH peaji3arii
HallckagHimmx 3aaymiB. He moOuB cyxoro 0e3eMOLiHHOTO BUKJIAICHHS PE3YJIbTATiB JOCIHIHKEHb.
KoxHy cBot0 poOOTy po3risaaB siK HayKOBO-JITEpaTypHUI IIeNeBp, SKUM BUMarae 3Ha4yHOi Mparl Ta
yacy. byB Ha/3BHUaitHO CKpYITyJIbO3HUM Ta BUMOTJIMBUM SIK JIO 3BITiB, TaK 1 10 CTaTell y BITYM3HAHUX Ta
3apyODKHUX KypHaJax. BiH BBakaB, IO HAyKOBI JIOCIIDKCHHS € HaWKpaliol Ta HaWIIKaBINIO
PO0OTOI0, KOO BApTO 3aliMATHCS JIMIIE 3 IOBHOIO BiJIaveio.

3axomIeHHsT TI0E31€0 JTO3BOJISLIO HOMY IMO-OCOOJIMBOMY BTUIIOBAaTH CBOI BITAHHS KOJIeraMm i3
roBinesMu. Mloro sickpasi Bipini Ta HABiTH LTI TOEMH BUKITMKAIN 3aXOILICHHS y CIyXauiB.

3aBxau 1 y BChbOMY cTapaBcsi OyTH HE3aJeKHUM BiJl CTOPOHHIX YMHHHKIB, IO MOTIH O Homy
3aBakaTW y HayKoBid mpari. OKpiM CKIIOIyBHOTO MHCTEITBA OIaHYBaB KPECISIPCHKY CIIPaBy, caMm
9yZI0BO 0(OPMITIOBAB PHCYHKH, sIKi TUPa)KyBaB 3aBJSIKM BMIHHIM (hoTOTpada-1ro0nuTes.

CBOr0 KaHAMJATCHKY AMCEPTaLiio «J{oci/KeHHS YTBOPEHHS Ta PO3KJIay KOMILIEKCY Kapoamis-
okran» Kasumup IBanoBuu 3axuctuB B [HCTHTYTI HadTOoXiMiuHMX TporeciB im. FO.I'. MamenanieBa AH
AzepoOaitmxancekoi PCP B M. baky B 1969 porti.

[Ipu nochijkeHHI pIBHOBAr y CHCTEMax «H-aJKaH-KapOaMiI-Crioilyka BKJIIOUYEHHS» OyIo
BUSIBJICHO KOJHMBAJIBHUI Iepedir JaHOro Mpolecy, a TaKoX TICTEPe3UCHI SBHINA y IMX CHCTEMax.
K.I. [TaTpuisikoM 3amporioHOBaHO HOBY, HEPIBHOBaXHY (Di3MKO-XIMIYHY MOJIEIb CHOIYK BKIIOUEHHS Ha
OCHOBI ySIBJICHb NP0 (pyHJaMEHTAIbHY BiMIHHICTh BJIACTHBOCTEH KapOaMigy B MacUBHOMY CTaHI Ta y
BUTTISAAL KiactepiB. L{i ysBIeHHS JIATIM B OCHOBY C(OpPMYJIHOBaHOI HOBOI 3aKOHOMIPHOCTI BiJIHOCHOT
3MIHM THCKY HACHY€HOI Napu HaJ pPEYOBHHOIO SK TaKO B IIMX JABOX CTaHaX y MIUPOKOMY
TEeMIepaTypHOMY [iama3oHi, 3TiIHO 3 SKOI B IEBHIM BHCOKOTEMIIEpATYpHiMl TOdYIll HacTae iHBepcCis
TUCKY BiJ OUIBIIOrO HaJ KiIacTepaMu J0 OLIBIIOro HajJ MacuBHOWO (pa3oro. BusBieHa 3aKOHOMIpHICTh
JISKUTH B OCHOBI TICTEPE3UCHUX 1 MEPENEePEXiJHUX SBUII — OCTAHHI MAIOTh MiCIle IPU HAOIMKEHHI 10
TOYKM TUIABJICHHA Ta KPUTUYHOI TOYKH pedoBUHH. Ll cepis pobit (20 crateii), omyOniKoBaHUX Yy
«Kypnani ¢izuuHoi Ximii», IO JArIa B OCHOBY JOKTOPCHKOi nuceprarii, Oyna Horo ocoOauBOIO
TOPJICTIO, HATMCAHOIO HAa OJHOMY JMXaHHI Ta Ha BEJIMKOMY TBOpUOMY miaiomi. J[aHi poOOTH MIHMPOKO
LUTYBAINCS SIK Yy BITUM3HSAHIN, Tak 1 3apyOiLKHIA HayKoBiil miTeparypi. JIOKTOpPCBKY AMcCepTaliio
«Crionyku BKJIIOYEHHS Ta HAYKOBI OCHOBM I1HTeHCH(iKaii mporeciB kapbaMigHoi aenapadinizarii»
Kasumup IBanoBuu 3axuctuB y 1986 p 3HOB-Taku B IHcTuTyTi Hadroximiunmx mporeciB iM. FO.I.
Mawmenaniesa.

[Ticns YopHoOunbchKoi katacTpodu y kBiTHI 1986 poky, 0dostoBaB Bigail (Pi3UKO-TEXHIYHUX
npobaem HadToximii. ITix fioro KepiBHUIITBOM Ta 3a HOro akTUBHOI ydacTi OyJji0 IpOBeNEHO Pl poOiT
MIOB’SI3aHUX 13 POOIEMH JIIKBiAIil HACHiAKIB aBapii. Byno 3anmponoHOoBaHO BUKOPUCTAHHS KOMITO3UIIIH
HA OCHOBI TEXHIYHHX JITHOCYJb()OHATIB — 6araTOTOHHAXKHUX JCIIEBUX BiTXOIB LEIIOI03HO-TIANIEPOBOL
MPOMHCIIOBOCTI — JUIS MUWIONPUTHIYEHHS Ta 3aKpIIUICHHS KypPHUX TEPUTOPIN SK Yy 30HI BiAUy>KEHHS
YAEC, Tax i no3a ii mexxamu. CrinibHO 3 1.6.H. biaroeBum po3po0i1eHo crocoOu MHIONPUTHIYEHHS Ta

3aro0iraHHs MWIIHHIO KYPHHUX TEPUTOPiH (piiwti, MIaHUX IMyCTUPIB, Kap €piB, JOPIT Ta y30i4) HUIIXOM
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nepHyBaHHs. [IpaitoBaB y 30Hi BituyKeHHs. Pe3yibraToM poOOTH CTajo yCHIlIHE 3aKpilICHHS TIOHAT 5
THC. TEKTapiB KypHUX IUTONI Pi3HUX THUMIB B T.4. «Ilimanoro miato» Ounst M. [lpum’ste. 3aBasku
HATIOJICTJIMBIN Tpalli piBeHb pajiallii MOBITPIHOTO OaceiiHy 3HU3HMBCS B AECATKU Pa3iB.

VY 1970-1980 pp inTteHcuBHO criBnpamtoBas 3 Kb «IliBnerne» (M. /[HIIponeTpoBCchK). 3niHCHEHO
imeHTudikamito ckiagy razoBoro (OoHy, SKH yTBOPIOBABCS B IMYCKOBUX IIAXTaX pPaKeT y pe3yJbTaTi
BiJ1a4i 3QJIMIIKOBUX Ta3iB i MapiB MOJIMEPHO-KOMIIO3UTHUMH KOHCTPYKIIIHHUMH MaTepiajlaMH, a TaKOXK
3alpONIOHOBAHO METO]I TPUCKOPEHOTO TMPOTHO3YBAaHHS EKCIUTyaTaliiHUX BIACTUBOCTEH IONIMEPHHUX
KOMMO3UTiB Ha 20-piuHui mepion ix Oe3nmepepBHOTO BHUKOPHUCTaHHA O€3 MPOBEACHHS TPHUBAIUX 1
JOPOTUX HATYpPHHX BUIPOOyBaHb. OOMIBA JOCTIIKEHHS TO3BOJIMIM BUAATH ITiIIMPHEMCTBY HAYKOBO
OOTpyHTOBaHI peKOMEHAamii mo70 MiHiMi3alil razoBoro (OHy Ta MiABUINEHHS HATIHHOCTI migdopy
KOHCTPYKIIHHUX MaTepianiB. Po6oTy Oys0 BIpoBaIKeHO.

VY 1990 p Bigain (izuko-TexXHIYHUX TpoOsieM HadToXiMii OyII0 37TUTO 13 BIUIUIOM KaTaTITHIHOTO
CHHTE3Y, akuii Binroai Kasumup [BaHoBHY 040IIOBaB BIIPOIOBK 25 POKIB.

[Tix #oro KepiBHUIITBOM OYJI0 BUKOHAHO BEJIMKUH IIMKJI POOIT B 00JI1aCTi aKUTyBaHHS 130aJIKaHIB
Ta OeH30iry ankeHamu. CHopMyIIbOBAaHO HOBI YSBICHHS IIOAO MPUPOAH ICOTITHHX aKTUBHUX IICHTPIB
aJIKUTyBaHHS 1300yTaHy OyTeHaMH SIK TO€IHAHHS KUCIOTHUX LEHTpiB bpeHctena Ta Jlpioica, a Takox
HOBHMI MEXaHi3M aJKiTyBaHHs 4epe3 NpoToHyBaHHS C-H-3B’S3Ky TpPETHHHOTO BYTJIELIEBOTO aToMma
MOJIEKYJH 1300y TaHy, IPyHTYIOUYHCh Ha CYNePKUCIOTHUX miaxonax J[x. Ona nmpo MOKIHMBICTh aKTUBAIIi]
aJIKAaHOBHMX MOJIEKy I npoTonyBanHsaM C-C- ta C-H-3B’s13KiB.

V cmiBnparii 3 YkpHAI MACMA nipoBOMIHCS iIHTCHCHBHI pOOOTH 3 TOCIIKCHHS aTKITyBaHHS
6enzony anbgpa—ankeHamu Cs-Ca4 3 METOIO OZIEp KaHHS aJKIJIOEH30JIIB SIK CUPOBUHHM 11 BUPOOHUIITBA
MHUIOUUX PEYOBUH 1 alKUICynb(pOHATHUX MpHcaaoK. [lokazaHO BHCOKY aKTHUBHICTh 1 CENEKTHUBHICTh
LEOJITHUX KaTali3aTopiB 3a MOHOAJKiIOeH30JaMH. BUIaHO TEXHOJIOTIYHMNA pErjiaMeHT BUPOOHHUIITBA
BHCOKOMOJICKYJISIPHUX aJIKIIOSH30IIB TSl OAep KaHHS alKiICyIb(OHATHUX MPUCATOK.

CnocrepexxeHe y BiAAiai SBUIIE KOJIMBAJIBbHOT ancopOmii pamukany 2,2,6,6-TeTpaMerni-4-
okcurinepuauH-1-okcuny 3aBasku K.I. [laTtpuisky ojepikano TeopeTHYHE TPaKTyBaHHS Ha OCHOBI
MOJIOXKCHb HEPIBHOBA)KHOT TEPMOIMHAMIKH.
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BusBneHo KoiMBabHY NMPHPOIY KapOOHIiN-10HHOI peakiiil anKiTyBaHHS 130aJKaHIB alKeHAMHU,
JeaNIKUTyBaHHS 130mponiiOeH3ony W aikiryBaHHs OcH3o0my nereHoM-1. Ilokasano, mio peaizaitis
MIPOIIECIB Y KOJIMBAJIHLHOMY PEXHUMI JJO3BOJISIE CYTTEBO MOJAOBKHUTH TPUBAJICTh poOOTH KaTtamizaropa 0e3
MIPOBE/ICHHS OKUCHIOBAIBHOI pereHepartii.

Kasumup IBanoBMY € aBTopom Ta cmiBaBTopoM ToHaa 200 HAyKOBHX Ipaib, B TOMY 4YWCHi 2
MoHorpadiif, monax 20 maTeHTiB Ha BUHAXO/IH.

CBo¥0 JTFO00B J10 HAYKH 3aBXKIH CTApaBCs TIepeaaTH HayKoBii 3MiHi. TiCHO CriBIpaItoBas 3 Kad)eIporo
XiMIYHOI TEXHOJIOTii HEOPraHIYHMX PEYOBHMH Ta 3arajbHOI XIMIYHOI TexHoJorii HamioHaabHOrO TEXHIYHOTO
yHiBepcutery Ykpainu «KuiBchkuid mosiTexHiuHuN iHCTUTYT». ByB mpodecopom manoi kadenpu, BUKIaaB
Kypc JIEKIIiii Ta OyB WIEHOM JIepyKaBHOI ek3ameHariiHoi komicii. [Tigrorysas 10 kanauaatiB Hayk, 1 gokTopa
HayK, a Tako)X Outbiie 20 iHKeHepiB-TEXHOIOTIB 1 MaricTpiB. byB akTiBHIM wiieHOM Crienialti3oBaHIX BUSHUX
pan IBOHX HAH VYkpainu Ta [actutyty ¢isnanoi ximii im. JI.B. I[TucapsxeBcekoro HAH Ykpainu i3 3axucry
KaHIUJIATChKUX 1 IOKTOPCHKUX JUCepTariid. BXxoauB 10 Ckiamy peakoseriii psy KypHatiB. TpuBammii dac
OyB HayKOBUM penakTopoM 30ipHrKa «Katami3 ta HadToXiMis», SIKOMY TPHIUISAB 3HAYHY yBary.

Buctyn Ha BueHiii pani y [nctutyTi ¢izuunoi ximii im. JL.B. ITucapskeBcekoro HAH Ykpainu

Ha 3acimanni BueHoi paau (31iBa Ha mpaBo: B.B. bpeii, M.C. Cnobonsauk, K.1. ITatpuisik)
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[lupo mepexuBaB 3a MEPCHEKTHBH PO3BUTKY HadToXimii Ha YKpaiHi, MpisiB PO CTBOPEHHS
HOBOI Kadenpu, mo roryBana 0 HadroximikiB y Kuesi. ByB po3poOnumkom «Konmemntii po3BUTKY
HadTonepepoOku Ta Hadroximii B Ykpaini Ha 1992-2010 pokm».

Yuponosx 1993—-1996 pp OyB winenom ekcrieptHoi paau 3 ximii BAK Ykpainu.

3apkau OyB aKTUBHUM YYaCHHKOM YKPaiHCBKHX Ta MDKHapOIHHX (OpyMiB Ta KOH(EpEHIIH.
Horo racio — «He GiiiTech AUCKYCil, y HUX HAPOKYEThCS iCTHHAY.

Haropomkennii TppoMa MeJaJISIMHA, TPAaMOTaMH Y PSIIOBOT KOMICIT 3 MATaHb JIKBiaIlii HACIIIKIB
aBapii Ha YAEC, Ilouecnoro rpamororo [Ipe3unii HAH Ykpainu, 'pamororo BepxoBHoi Pagu Ykpainu.

3a poboty «HoBi KaTamizaTopw Ta TE€TEPOreHHO-KATATITHYHI IPOIECH: PO3BUTOK HAyKOBUX
OCHOB Ta BHUKOPHUCTaHHSA B XiMil, HAQTOXiMii Ta €HEPTeTHI» y CKIaJi aBTOPCKOTO KOJEKTHBY OyB
ynocroennii Jlep:kaBHoi mpeMii YKpainu B ramy3i Hayku 1 Texiku 2014 poky.

BxoauB 10 KHIBCHKOTO TOBapucTBa JeMKiB. IlinTpuMyBaB KOHTakTH 3 TepHOMUIBCHKUMH
3emisikamu. Hikonm He 1rypaBcsi CBOTO KOPIHHS Ta CESTHCHKOTO TTOXOKEHHS.

[ToxoBano Kasmmupa IBanoBmua mopydu i3 O6arbkamu B c. ['ai Po3ronpki Ha TepHOMIIBIINHI.
OnHocenbIll TTaM ATAIOTh 1 TOPIATHCS CBOIM 3eMIIIKOM. Y 0i0mioTeni OyIWHKY KyJbTYpPH CTBOPEHO
mam’ATHUH KyTOYOK IIPO KHUTTS Ta HAyKoBi gocsirHeHHs Kasumupa [Banosmua. Y 2018 poui Ha cepenHiit
mkoii B c¢. ['ai Posroumpki Oyino BcTaHoBieHo memopianbHy nomky Ilarpunsky K.I., a depes pik
HaBYAJHHO-BUXOBHOMY KOMIUIEKCY «3arampHOOCBiTHA mikona [-III  crymeniB — JlomkinbHui
HaBYAJBHUN 3aKiIam» Oyno npucBoeHo iM’st Kazummupa [Tarpumsika.

Y mam’sati koser Ta 3Haommux Kaszumup I[BaHOBHMY 3aJIMIIA€THCS BUMTENIEM-HACTABHHKOM,
naTpioToM Ha@TOXiMIl Ta HayKH 3arajoM, BHCOKOKBami(pikoBaHUM (paxiBIeM, BUCOKOEPYJAOBAHOIO Ta
MIAPOIO JIFOANUHOIO.

B ROMNLERC
- JTERC
WROaN
AL

Jliobos K. [lampunsax, Anoicena B. Arxogenko
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In memory of Professor Kazymyr I. Patrylak
(dedicated to 85th anniversary of birth)

Lyubov K. Patrylak, Anzhela V. Yakovenko

Kazymyr I. Patrylak is a Ukrainian scientist in the fields of petrochemistry and catalysis. He was born in a
beautiful place in the Beskids (Poland) in a family of plowmen. After World War 11, in the framework of the Visla
operation, the family was moved to the USSR (vil. Gai Roztotski, Ternopil region). He passed school with good
grades and got a place at Lviv Polytechnic Institute, where he got a degree in oil refining.

All his life, Kazymyr Ivanovych worked in the field of petrochemistry at the Academy of Sciences of
Ukraine. During his scientific career, he held positions ranging from engineer to Head of Department. At the same
time, he is remembered not just as a leader but first of all as a talented experimental chemist who made a range of
setups for the implementation of a number of catalytic reactions with his own hands.

K. Patrylak was a Candidate in Chemical Sciences from 1969 and a Doctor of Sciences from 1986. He
was a Professor of the National Technical University of Ukraine “Kyiv Polytechnic Institute”.

In 1970-1980, K.I. Patrylak proposed a non-equilibrium physico-chemical urea-inclusion-compounds-
formation model that is based on the sign variable differences of the fundamental physico-chemical properties of
urea in the bulk state and in the form of clusters in a wide temperature range. In 1986—1989, K.I. Patrylak took an
active part in the liquidation of the Chornobyl nuclear power plant catastrophe.

K.I. Patrylak was the author of over 250 scientific works, including two monographs and 25 patents. In
the memory of colleagues, Kazymyr Ivanovych remains a teacher-mentor, a patriot of petrochemistry and science
in general, a highly qualified specialist, and a highly erudite and sincere person.
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