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Hosa HPPOa TexHoJI0Tis1 01ep:KaHHS NMPOMIJIEHOKCHAY: BiJI 1a00paTOPHOIO
peakTopa 10 KOMEePUiiHOI MUIOTHOI YCTAHOBKH

I.B. Illyuskwuii', B.B. Bpeii?, M.€. Illapanaa?, €.B. Kacbkos!, O.JO. Jaraes’, .M. Migcamiox®, A.M.
Muain?, €.0. Muxaiinenxo?, O.1O. 3inuenxo?

YTOB «Bupobuuua zpyna Texincepeicy, npos., Maxiiscokuii, 1, Kuis, 04114, Yxpaina, net@techinservice.com.ua
2Iucmumym copbyii ma npoonem endoexonozii HAH Ypainuu, eyn. I'enepana Haymosa, 13, Kuis, 03164
3TOB «Kapnamuagpmoxiny, eyn. Ilpomucnosa, 4, Kanyw, 77306, Yrpaina, mail@knh.com.ua

Kopomxo onucano pospooxy HPPOa mexuonozcii o0epicanus nponiieHokcudy 3 NponiieHy ma nepoKcuoy
B0OHIO 3 3ACMOCYBAHHAM AYEMOHIMPUTY, AK POSYUHHUKA, 3aMICb MemaHony. Jlabopamophi 00criodiceHHs 8Ka0YaNU
PO3POOKYy HOB020 KaAmMaiizamopa ma 1o2o eunpoOy8awHs 6 NPOMOYHOM)Y peakmopi 3 Hepyxomum wiapom (4-10
em®)kamanizamopa npu  40-550 °C[3.0 MIla. 3anpononosanuii xamanizamop TIS-1 6ye cunmesosanuii 3
BUKOPUCTANHAM OucnepcHoz2o Kpemuesemy Newsil 115 3amicms mpaduyiiinoco TEOS. Ha ochosi eusnauenoeo
monsiprozo  ckaady peaxyitinoi cymiwmi 60% HO2 - nponinen- 85% ayemownimpun ma nasanmaogicenns Ha
kamanizamop 0yno pospobdneno mexuonoeito HPPOa 0nsa docrionoi ycmarnosku nomyacuicmio 2000 m/pix. Ha
nouamky 2019 poky posnouanocs Oyodienuymeo ycmauosku HPPOa na oneginosomy 3a600i TOB
«Kapnamnagpmoxiny y Kanywi. Ilyck yiei ycmanosxu 6i0oyecsa y wepsni 2020 poxy. Tobmo 3a Oyoce KOpomxuil
mepMmin, yepe3 3 poxu nicas nouyamky aabopamopHux oOocniodxcens. Texwonociuna cxema HPPOa exniouae
enoKCUOYBAHHA NPONINEHY, NONEPeOHE PO30LIeHHA CYyMiwli NPOOYKmi8, OUUWEeHHA OKCUOY NPORLNeHY, OYUUeHHS
nponineny 6i0 nponawy, abcopoyiio nponineny ayemoHimpuiom, peceHepayilo ayemoHimpunry. Ycmaumoexa se6ise
€00010 00CUMb CKIAOHY THIXHCEHEPHY cucmemy, 0esaKi ellemeHmu AKoi npayiooms Ak nio eucoxum (30 amm.), max i 3
nuzvkum (0,1 amm.) muckom npu memnepamypax 6io -30 0o 150 °C. 3apasz ycmanoska eugedena Ha npoeKmwy
NOMYJICHICMb 3 GUPOOHUYMEOM NPOMUCTOB020 OKCUOY Hponiieny 3 noiimeproio uucmomor 99.95% obes
BUKOpUCANHA Mpaduyilinozo amiaky ma 2ciopasuny. Bumpama 100% H>0. i nponineny na 1 m nponinenoxcudy
cmanosums  0.68 i 0.75m eionogiono. TOB «Kapnamunagpmoximy mae wnamip nobyoysamu upoOHUYmMB0
nponinenokcudy nomyaicuicmio 130 muc. monn na pix 3a mexnonozicio HPPOa.

Knrouoei cnosa: nponiyieHOKCHT, IEPOKCH]T BOJIHIO, TeTEpPOreHHui KaTaii3, neotit TS-1, HPPO npouec

Bcemyn MOTIePETHBO OKHUCJIIOIOTH MOBITPSM Ji(o)
[Ipominenokcun (I10) BigHOCHTHCS 1O GaraTo- rigporiepokcuay. lle mo3Bonsie onmep:kaTH CTHPOI
TOHHOKHUX TPOIYKTIB OPraHidHOTO CHHTE3y 3 nmapanensio 3 [10. 3amicte ermnOeH30y MOXKHA

CBITOBUM BHPOOHHITBOM Ha DiBHI 8 MIIH. TOHH/piK
[1,2 ]. BiH TOCTIiHO KOPHUCTYETbCA IIHPOKUM
MIONUTOM, 1 OCHOBHY WOTO KUIBKiCTh, 1m0 70% ¥y
Burisiai - omiromepis  I[10, BUKOPUCTOBYIOTH MpHU
BUPOOHUITBI JKOPCTKHUX 1 THYYKHX MOJIi- YPEeTaHOBUX
miH (Terumoi3onsis, Oyai- BelbHI MiHH, M’IKi MeOi
tomo) [1-3]. TlpubnusHo uerBepra wuactuHa [10
BUTPAYaEThCS HA BHPOOHMUUTBO MPOIMIJICHIIIIKOMIIO 1
CHIBMOJIIMEPIB 3 OKCUAOM E€THIICHY - TUTIOPOHiKiB [1-3].
Oxcun pomijieHy BUPOOIISIFOT 3a TPhOMa OCHOBHUMH
nporecamu. XJIOPTIAPUHOBHUH, «CTapuit» mporec
0a3yeThcsl Ha MPOMUIEH] ! XJI0pi, 32 HUM BUPOOISIOTH
omuzpko 40% 110 [1-3]. Hpyruii, XaiakoH mporec
0a3yeThCs Ha MIPOILICHI Ta eTUIIOEH30JTI, SIKUH

3acTocoByBaru i300yTaH. [IpoTe, B mux mporecax Ha
CTalii OKHCHEHHS YTBOPIOIOTHCS BHOYyXOHeOe3rmeuHi
rigponepokcuan. B 2008 porii kommanist Evonik-Uhde
3amycTuiia HaiOinbil ekoHomiuHo Burigauit HPPO
(hydrogen peroxide to propylene oxide) mporec 3
BUKOPHCTAHHSM IIPOTIJICHY 1 INMEpOKCHAY BOJHIO. 3
TOYKHA 30pYy aTOMHOI €(PEKTHBHOCTI i €KOJIOTIYHOCTI,
BIH BIAIIOBiZa€ TEHIEHIIAM «3€JI€HO0I XIMil», OCKUILKHI
niepebirae 3 yrBoperssM 110 ta Boxu 1o peakiii

CsHe + H202 = C3HsO + H20. 3apa3 y cBiTi ekciurya-
Tyetbess  BiciMm  HPPO  yctaHoBok  cymapHOIO
notyxkHicTio 2280 tuc. TonH [10/pik. Ha Bcix airounx
YCTaHOBKaX BHKOPHCTOBYIOTh METAHOJ K HEOOXiTHHI
KOMIIOHEHT peakiiitHoi CyMilIIi IILOT'O
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piaHHO(A3HOTO TPOLECy, SKUA TPOBOIATH i
tuckoMm y 20-30 atm. i 3a Temmeparyp 40-50 °C.
Tako OCHOBHMM KOMIIOHEHTOM YCiX MPOMHCIOBUX
karanizatopie HPPO npouecy € turancumikamit TS-1
[4-6].

Hadroximiuanit kombinatr TOB “Kapmar-
HaproxiM“ B Kamymi € JOCHTh  MOTYXHHM
BUPOOHUKOM TOBApHOTO E€TWJIEHY 1 MPOIIEHY uepes3
ITipOJTi3 BYTJIEBOAHEBOI CHPOBHHH, TIEPEBAYKHO, JIETKHX
OeHsu- HOBHX (Qpakuiii. 3okpema, B 2020 poui Oymo
Bupobaeno 200000 TonH ermneHy Ta 88000 ToHH
nporisieny. Ha BiaMiHy Bin eTWieHY, KU TIOBHICTIO
MIepepOOITIOEThCST B TIOJMIBIHUTXJIOPHUA Ta MOJIETHIICH
BUCOKOI TYCTHHH, BECh NPOIIJICH EKCIIOPTYEThCS B
€BpoMeichKi KpaiHu. ToMy mHOCTano HUTaHHS LIOAO
nepepoOku mpomineny Ha KapmatHadToximi B OLibmn
UiHHUHA TPOAYKT 3 IIMPOKUM momuToM. Ha ocHOBI
MapKETUHIOBOTO aHajiizy OyJo NpUHHATO pilIeHHS
PO OpraHi3allif0 BIACHOTO BHPOOHHIITBA OKCHIY
MPOTIEHY, KA KOPUCTYETHCA MOCTIHHUM IOIUTOM,
3a HPPO TexHOJO0Ti€10 3 BAKOPUCTaHHSAM METaHOIY.

IacTuTyT CopOmii Ta mpoOileM EeHIOEKOJOTil
HAH Vxpainu, sxuii gaBHo cmiBmpaitoe 3 TOB
«Bupobnnua rpyna TexiHcepBic» mo po3poOIi HOBHX
TEXHOJIOTIH, 30KpeMa, 3 mepepoOku Oioeranomy [7],
3allpOIIOHYBAB 3aMIHUTH TOKCHYHHUH METaHONI Ha
JOCTYIHHH alleTOHITPWI 1 PO3POOMTH BiTUM3HSHHUHA
KatajlizaTop i 1pOro mporecy. MeTaHon, SK
po3unaHuK B HPPO mpomeci, 3a0e3neuye yTBOpeHHS
omHodaszHoi peakmiiHoi cymimi B cucremi 60%
BonHUI po3unH HO, — piakuii mpomisiieH — MeTaHo,
mo 3abe3nedye mepedir peakiii emoKCHIyBaHHS, Ta
3HIMAa€ TEIUIO 1€l CHIIBHO €K30TepMiuHOi peakiiii (53
kkan/monb). [Ipote, MeraHon jerko ytBoproe 3 I10O
no6iuHi 1- Ta 2-METOKCHITPOMINICHIMIKOMI, a TaKOX
YacTKOBO OKHCIIOEThCS 10 Qopmanpaeriay. Lle
00yMOBJIOE HEOOXITHICTh WOTO pereHeparii MIIsIxoMm
KaTalli- THUYHOrO TigpyBaHHA (opMaiblIeriny B
okpeMoMy peakTopi. OCHOBHOIO TNPHYMHOIO TOTO,
YoMy aneToHIiTpwi He 3actocoByBaim B HPPO mporeci
€ yrBopenHs aszeorpony CH3CN (80mac.%)— HO.
Tobto, peakuiiina cymim po30aBisSeTbCI BOJOIO.
CBoro wacy TexiHcepBic po3poOHB TEXHOJIOTIIO
3HEBOJHCHHSI €TaHOJYy 3 3aCTOCYBaHHSM LECONITHUX
MeMOpaHHMX MOAYNiB, sika Oyna ampoOoBaHa B
BUpPOOHHUITBI Oioetanomy [7], i Tomy ii TutaHyBamu
3aCTOCYBaTH B 3HEBOJTHCHHI a3€0TPOITHOTO
aneToHiTpuiy. TakuM YWHOM, 3aBAaHHS HayKOBILIB
Incruryry Ta imxkenepiB TexiHcepBicy momsraio B
po3po0Iti  HOBOI TexHoyorii omepxkamHs 110 3
3aCTOCYBaHHSIM AalleTOHITPHIY ¥ CBOro KaTalizaTopa
CTMOKCHUIyBaHHS MPOIIiICHY.
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Excnepumenmansha wacmuna

JlaGopaTopHi  AOCHIMKEHHS  CMOKCHIyBaHHS
MPOTIJICHY MEPOKCHIOM BOJHIO 3 BUKOPHUCTAHHIM
aneToHiTpmiry Oyno posmowaro B sucromani 2017
poky. Pobora mpoBoaunach 3a ABOMa HampsiMaMmu —
CHHTE3 Karajizatopa Ta HOro TecTyBaHHS B
eMOKCUyBaHHi npomijieny 60% MepoKCHIOM BOAHIO Y
npucytHocTi aneronitpury (100-80%) mim THCKOM
30 at™. B inTepBaiti Temmepatyp 40 — 50 °C.

Cunmes kamanizamopa

Sk BKe 3a3Ha4a’IoCh, OCHOBHUM KOMIIOHEHTOM
npoMucioBux  KatamizatopiB  HPPO mpomecy €
tutancwiikamt TS-1 - TurtanBMicHuA aHamor ZSM-5.
Binminnicte Mixk HPPO xkaramizaropamu mnojsirae B
croco0l CHHTE3y LBOro LEONiTy Ta 3acTOCYBaHHS
pi3HUX 3B’s3yrounx A popmyBaHHA rpanyn. CyTs mii
TS-1 monsrae B xoopauHariii mojnekyn H»O; ioHamu
VTi* B MaTpuui 1e0NTiTy, BHACTIIOK YOTO HA JAPYrOMY
aToMi KHCHIO IHAYKYETHCSA TO3UTHBHHUH 3apsm, 1o i
00yMOBJIIO€ HOTO MIPHUEIHAHHS 10 TMOABIHOMY 3B’ SI3KY
NOPOMiJIEHy 3 YTBOPEHHSM EMNOKCHIHOTO IHKITY.
[TapanensHO yTBOpeHa MOJIEKyJa BOAM HE TaK CHIIBHO
koopauEyeThes 'YTi*" i 3BinbHAE aKTHBHMI LEHTP.
Po3pobnenuit cnocid onepxanns TIS-1 karamizaTtopa
BKJIIOYAE JBI OCHOBHI CTajii, a camMe TiIpoTepMaIbHHMA
CHHTE3 HAIMBHPOAYKTY meomity TS-1 i mpurotyBaHHs
IJIACTUYHOT MacH, siKa Jlaii (OPMYEThCS y TPaHYIH 3
ix mnomanpmM KanbluHyBaHHAM [8]. HoBuzHoio
HpOro  crnoco0y € 3acTOCYBaHHS  JUCIIEPCHOTO
kpemHe3zemy Newsil-115  3amicTe  TpamguiiitHoro
TETPACTOKCUCWIIaHYy, SK JDPKepeia iOHIB KPEMHIl0 B
cunresi TS-1. Lle m03BONMIO 3HAYHO CKOPOTHUTH Hac
T1IPOTEPMaIbHOTO CHUHTE3Y, SIKMH TPOBOJMTHECS IPH
150 — 170 °C mix Bi1acHUM TUCKOM TpoTsirom 40 o B
aBTokJaBi 3 mepemimyBanHsM [8]. IlpuitHatHy mis
MPAaKTHKH aKTHBHICTh TposBiste TS-1 3 po3mipamu
KpUCTaJiB TOpAAKy 1 MKM, TOMy CIiJ HiTKO
JOTPUMYBAaTH MOJbHI cHiBBiIHOmIEHHsT Mik SiOo,
Ti(OC,Hs)s i (CsH7)eaN'OH npu mnpurorysansi
BUXIJIHOI peakitiitnoi cyminn B mia-masoni: Si/Ti=35 -
40; 0.1<N/Si<0.16; 16<H,0/Si<20. Sk npuxnam, Ha
puc. 1 HaBeneno CEM 3HiMku akTUBHOTO (a) 1 cnado
aktuBHOTrO (0) 3paskiB TS-1, BiIMOBIAHICTH SKUX JIO
ctpyktypu  MFI miaTBepmkeHa peHTreHO(ha30BUM
aHaJi3oM.

Onepxxanuii mopomok TS-1 3acrocoByBanu s
MIPUTOTYBAaHHS IUIACTUYHOI MacH, 3MIIIyIOUd HOro 3
Ludox AS-40 Ta kpoxmaiemM y MacoBOMY CIIiB-
Bigromenui TS-1 : SiO; : kpoxmams = 10 : 1: 0.5.
IMorim 3 yTBOpeHoi macTHyHOi Macu (opMyBaIn
mwTiHApUYHI Tpanymu 3x3 MM ski cymwy npu 110 °C
Ta KaneIuHyBany mpu 550 °C.
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SEM HV: 10.0 kV WD: 1.99 mm
View field: 50.0 ym Det: InBeam 10 pm
SEM MAG: 5.78 kx

SEM HV: 10.0 kV WD: 3.04 mm MIRA3 TESCAN

View field: 50.0 ym Det: InBeam 10 pm
SEM MAG: 8.67 kx

Puc. 2. JlaGopaTtopHa ycTaHOBKA €IIOKCUIYBaHHS MPOIICHY IEPOKCHIOM BOJIHIO.

Tecmysanna kamanizamopa

TectyBaHHS KaTali3aTopiB 3AIMCHIOBATM Ha
JmadopaTopHIA  YCTAaHOBII 3  JBOMa  3MiHHUMH
peakTopaMu 3 HepXkaBioyoi crami 3 00’eMoM
KaTanizaropa Bix 4 10 12 cm® i Tickom 2.5-3.0 MITa
Ta B inTepBan temnepatyp 40-55 °C (puc. 2).

[IpoBeneHHsT  eKCIIEPUMEHTIB  Tepeadayalo
po0OTY SK 3 OJHHUM pEakTopoM, TaKk 1 3 JABOMa
TTOCITIIOBHUMHU PEaKTOpaMH 3 PO3AUTEHOIO TIOMAYCIO
peakmiiHOi cyMimn B KOXHHWH peaktop. [leBHi
TPYAHOLLI CTAaHOBWJIO JO3yBaHHS PIIKOTO MpOIiJEHY,
SIKWii ToaBany 3 6ajoHa, BCTAHOBJICHOTO Ha Barax (*
0.01 r), mix HagmumkoBuM TrckoM 3.5 MIla aszory.

TemnepaTypy B peakTopi HiATPUMYBAIH [UPKYIIAIIEI0
TEpMO- CTaTOBaHOI BOIM Yepe3 HOro OOOJOHKY.
OX0NMo)KeHUH  PO3YMH  TMEPEeKUCy  BOJHIO B
AIleTOHITPWIII TIOJIaBAIM B PEAKTOpP 3a JIOTIOMOTOIO
noMnu. IlomepenHbo KUCIIOT- HICTh IOIO PO3YHUHY
HeirpanizyBamu g0 pH=6.5 — 7.0 1% BogauMm
PO3UMHOM amiaky. Po3nineHHs ra30BOro Ta piIMHHOTO
IIOTOKIB Ha BHUXOII 3 peakTopa 3AiMCHIOBAM B
cemnapatopi 3a Temneparypu -10 °C. AHaii3 npoayKTiB
3ailicHioBanm Ha xpomarorpadi Agilent Technologies
7820A ta AMP Bruker Avance 400 ciektpomerpi Ha
anpax “C. SammmkoBuit BMict H,O, B mpomykTax
BH3HAYAJIA METOJOM HOJIOMETpii.
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Ta6muns 1. Butus po3noainy norokiB HoO2 B 1Ba peakTopu HAa e(peKTUBHICTH eMOKCHIYBAHHS
nponijeny (50 °C; 3.1 MIla; C3He/H>O, = 6)

V1/N2 G1/G5 C C3HgO, C H20,, X, % S, % H20; xr/krOI1
mac% mac%
1:1 2:1 9,8 0,25 96 87 0.70
11 11 9,7 0,33 95 90 0.69
2:1 2:1 9,9 0,28 95 96 0.65
2:1 1:1 9,4 0,36 94 95 0.66
1:2 1:2 9,8 0,27 97 90 0.65

V1/V2 — cniBBigHowmeHHs 06’ emiB TIS-1 karanizatopa B mepuiomMy Ta ApyroMy peakropax;
G1/G5 - cmieBigHomenus notokis H,O; B mepiuuit Ta npyruii peaktopu; Cesneo — BMicT 10O B pimkoMy mpomayKTi;

Ch202 — KOHIIEHTpaIis 3aaumkoBoro HoOs.

Busnauenus onmumanvuux ymoe

Criouatky, mpu poOOTI 3 OIHUM PEaKTOPOM,
Oy7I0 BH3HAYCHO TAaKWH BaXUIMBHH IapaMeTp SK
MOJIbHE CIIIBBIIHOIICHHS KOMITOHEHTIB pEaKIiiHOl
cyMili, poboTa Ha sKiii 3a0e3Mmeuye CelneKTUBHICTh 3a
npomiieHokcuaoM Ha piBHI  98-99%. Hactynmaum
KPOKOM Oyio BU3HAYEHHS ONTUMAJILHOTO
HaBaHTAKEHHS Ha KaTraji3arop, ske 0 3a0e3rmedyBaio
100% KOHBepCil0 MEPOKCHIY BOIHIO NIPH BUCOKIH
cenektuBHOCTI 3a [1O. TyT Oyma 3acTocoBaHa cxema
MIOCITIIOBHOTO 3’ €THAHHS PEaKTOPIB 3 PO3IIITHLHOIO
nonavero pozunHy H2O, B CH3CN B koHUI peakTop.
CrpaBa B TOMY, 110 HapaJesIbHO 3 LiJIbOBOIO PEAKII€I0
€NOKCHyBaHHS TMPOMiIEHy rnepedirae K B KUCIOMY,
Tak 1 JY)KHOMY CEpelOBHIli, HeOaKaHWH PpO3KIaL
nepokcuny Boguio 2H;0, = O, +2H,0.

Taxox, CIOCTEPIraeThes peaxitis
Pamsumescbkoro CH3;CN+ H,0; =CH3C(O)NH; + O,
+ H,0 3 yrBOpeHHsM arneraminy i kucHrwo. LIBuakicTh
IUX PEaKIliii MpomopIliiiHa KOHIEHTpaIii MepOKCHUIY
BOJAHIO B pEaKmiiHIA cymimi, ToMy i cmin
MiATPUMYBAaTH Ha JOCUTH HH3bKOMY piBHI. Lle i
JOCSITAaETbCsl  po3AibHOI0 Tomadero HoO, B gaBa
peakropu. Sk mnpukman, B Tabiauui 1 HaBeaeHO
pe3ysibTaTH M0 3aJMIIKOBIH KoHieHTpanii H.O, Tta
fioro muromuM BuTparam Ha 1 kxr IIO mpu pisHuX
MOTOKAX B []Ba PEAKTOPH.

BaxnuBuM ~ mapameTrpoM, L0  BHM3HAYa€
exoHoMiuHy nouinbHicth HPPO mporiecy, € BuTpara
100% nepoxcuay BOAHIO HA 1 TOHHY MPOMIJICHOKCHULY.
Lleii moka3uuk He moBuHeH nepesumryBatu 0.7 T [3].
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[Ipu pozmineHHI TOTOKIB TEPOKCHAY BOAHIO B
CHIBBigHOIIECHHI 2 : 1 cHocrepiraeTbcs HaWHWKYUT
HOro 3aJMIIKOBUH BMICT 1 HalHM)K4a HOro HUTOMA
Burpata 0.65 kr Ha 1 kT [10 (Tabm. 1).

Sk mpaBuiO, MPOXYKTHBHICTh KaTajli3aToOpiB B
HPPO mnpomeci 3naxoauthess Ha piBHI 2.5 - 5 T-MOJIb
[IO/krya/ron. B mabopatopHomy peaktopi TIS-1
Katamizatop 3abesmeuyBaB Buxim 11O Ha TakoMmy X
piBHi npu kousepcii H2O- Buiie 95%, ane npu upomy,
SIK PO3YMHHUK, BUKOPHCTOBYBAIM AlCTOHITPUI, a HE
METaHOII.

OCHOBHI BUXIJIHI JIJaHI I[OJI0 CKJIaJly PeaKiiiHOT
CyMillli Ta 4acy KOHTaKTy JIsl IPOEKTYBaHHsI MiJIOTHOT
yctanoBkr notyxHicTio 2000 TorH Oll/pik IHCTHTYT
nepenas B Texincepsic B uepBHi 2018 poky. [mxenepu
TexincepBic po3poOMIM OpPUTIHAIBHY TEXHOJOTTYHY
CXeMy BHMPOOHMLTBA NPOIMIJICHOKCHIY 3a HOBHUM
mporecom, sikuii Haseamu HPPOa (hydrogen peroxide
to propylene oxide in acetonitrile) [9]. Ha mouarky
2019 poky Kapnarnadroxim ta Texincepic ykiann
KOHT- pakT i Oyno posmouato OyxiBauireo HPPOa
ycranoBku. OCHOBHe oOJagHaHHS: 3 peakTtopu, 6
pexTudikaliiHUX  KOJOH, cemapaTop, abcopbep,
TETUIOOOMIHHUKH Oymo BUTOTOBJICHO Ha
I'pe6Ginkiscbkomy 3aBogi TOB “BupoOHuua rpyma
Texincepsic”. Ilepmmii 3amyck HPPOa ycraHoBku
Oyuo 3miiicHeHo B uepBHi 2020 poky (puc. 3). TobTo, B
JOCUTH CTUCIHUA TEpMiH, depe3 3 POKM BiJ MOYATKY
J1a00PaTOPHUX JOCHIIKCHb.
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Puc. 3. HPPOa ycranoBka BupoOHunrea okcuay nporineny Ha TOB “ Kapnataadroxim®.
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Puc. 4. Texnomnoriuna cxema HPPOa mporrecy.

Texnomoriuna HPPOa cxema (puc. 4) Bitouae
CTMOKCUIyBaHHSl TPOMIEHY; TMONEpPEeIHE PO3AUICHHS
MPOAYKTOBOI CyMillli; OYHMCTKY OKCHIY IpPOIiJIEHY;
KOMIIPUMYBaHHSI HPOMIJICHY; OUYHUCTKY NPOIMJIEHY Bix
MpOTaHy; abcopOiriro MPOMiJIEHy  PO3YHHOM
alleTOHITPUITY; pereHeparlito anetoHiTpuiy. [pominen
MmiJi THCKOM CHUCTEMHU HaJIXOJWUTh B  IIPOIaH-
mporriyieHoBy kojiony T02, me pa3oMm 3 peIUKIOBAM
MOTOKOM TIPOMIJIEHY MiAAa€ThCsl PeKTHdIKaIii s
BWJIYYCHHS TIPOMaHy, SKAH B HE3HAYHIA KIIBKOCTI
MICTHTBCSI B CHPOBHHHOMY mpomineni. [Ipominen 3
Bepxy KojioHn T02 TOrnIMHAEeTbCs aLeTOHITPUIOM B
abcopOepi AOl. [lami pigka cymimn aneTOHITPUIY i
nporineny 3Mimyersest 3 60% mepokcuaoM BOIHIO i

h 4

KO1

TO1 | = T03 TO4 TO6

Y

T 3

f H20

nojaeTscsi Ha Tpu peaktopa R1-R3 mix tuckom 3.0

MIla. Ilpuuomy mepeabaueHa J030BaHa I0jAa4a
MEPOKCHY BOJHIO B KOKHUH PEakTop.

[IpoxykToBUiI TOTIK 3 peakTOpiB  Micys
TEINIOOOMIHHHKIB ~ JIera3yeTrbcsi B cemapaTtopi i
Haaxoauts B kojoHHy TOl, pme BigOyBaerbes

po3minennst mpomineny i IO Bing ameroniTpmry Tta
BOAM, SIKI HAKOIMYYIOThCA B KyOi komoHm. [lai,
3QJIMITKOBHAN TIPOTIiJIEH BimokpemitoeTsess Bim 1O B
kxosorHi T03 i HAAXOMWUTH i TUCKOM B KojoHy TO02.
Tak 3a0e3meuyeThCs pPELMKI MpoImiieHy. Pasom 3
npomiyieroM g0 abcopbepy A0l  HaaxomsTh
HECKOH/CGHCOBaHI Ta3W 3 cemapatopa. Tomy s
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3a0e3MeYeHHs ONTUMAJIBHOTO PEXUMy abcopOrii
3aCTOCOBAHO KOHTYp MPOMIXHOTO IUPKYJAIIHHOTO
3pOIIEHHS. Hus TOTIePE KEHHS YTBOPEHHS
BHOYXOHEOE3METHOT0 CepeIoBUIIa B abcopOepi mpu
M ABHUIIEHH] KOHIIGHTpaIii  MO0IYHOTO KHUCHIO
3aCTOCOBaHA  aBTOMATHUYHA  TI0Aa4a  a30Ty  SIK
¢ermatuzaropa.

Ky6 xomomm TOl ©HamxomuTs A0 KOJOHU
pererepartii aneroHiTpuiay T04. 3Bepxy KOJOHH B
peunka moepraloTh 85% auertoHiTpuia. 3 kyoy T04
npolecHa Boja 3 BMicToM ameToHiTpwiry menm 100
PPM TONAIOTh HA OYUCTKY CTIYHHX BOJ. 3 KyOy
kooHu TO3 mpomiieHOKCHJ -CHpElb HaJIXOAWTh,
MiCTsl peakTopa OYMCTKH Bil ajdbACTiliB, B TOBapHY
kojony TO06, me 3BepXy BiIOMpPArOTh MPOMICHOKCHIT 3
MOJIIMEPHOIO YUCTOTOIO Y > 99.95%.

HPPOa ycranoBka sBise €000 JOCHUTH
CKIIQJHY 1HXEHEPHY CHCTEMY, OKpEeMi eJIeMEHTH SKOI
npamioloTh K miag migsumeHuM (30 arm.), Tak i
samkeHnM (0.1 atM.) THCKOM 3a Temrmeparyp Bim -30
no 150 °C. VYcranoBka, 30KpeMa, BKIIOYa€E KpiM
OCHOBHOTO  OONaJHaHHS, CUCTEMH  pereHepauii
KaTajlizaTopa  BOASHOIO  Mapoio,  0OOPOTHOTrO
BOJIONIOCTAYaHHS, YHJIEPHOI BOJHU, a30Ty BHCOKOTO
THUCKY, 30epiranHs 60% TiepoKcHOy BOAHIO 1
toBapHoro [II0, a TakoX Cy4yacHy CHUCTEMY
TMTOKEKOTACiHHS.

o ocHoBHMX 3aBmaHb BuBegeHHS HPPOa
YCTaHOBKH Ha POOOYMIA peXHM, SIKUM TpHUBaB OiNbIIe
POKy, CIii BIAHECTH ONTHMI3aIlil0 PEKUMY POOOTH
KaTtallizaTopa, BU3HAYCHHS TEPMIHY HOro podoTH Ta
BIJMpALIOBaHHS PEXUMY pereHepauii Karamizaropa,
migdip peareHTiB Ta PEKUMIB 1X 3aCTOCYBaHHSA IS
OJlep>KaHHS TPOIJICHOKCUAY BHCOKOI IMOJIMEPHOT
YICTOTH, & TaKOXX BU3HAYEHHS BUTPAT MPOIMUICHY Ta
nepokcuay BoaHio Ha 1 T ToBapHoro OII. IlpoTsrom
IIBOTO TIEPiOy TaKoX Oy BHECEHI CYTTEBI 3MIiHU B
MOYaTKOBY TEXHOJIOTIYHY cXeMy. 30Kpema, I
BUKJIFOUEHHS [EONITHUX MOJYIIB JJsl 3HEBOJHECHHS
alleTOHITPUITY, IO J03BOJIMIIO 3HU3UTH €HEpro3aTrparu
BupoOHunTBa. Brepme B mpaktuui HPPO mporecis,
JUTS HeWTpasizanii peakmiiHoi cymimri ta ounctku [10
BiJl aJIBJETiIIB HE 3aCTOCOBYIOTHCS TOKCHYHI amiak i
rigpasuH.

VYcraHoBka MOBHICTIO aBTOMATH30BaHa.
3MIACHIOETBCSL TOCTIHHUN KOHTPOJIb TEXHOJOTIYHUX
mapaMeTpiB  Mpouecy 3  CHUTHajJi3alliero  Ta
OJOKYyBaHHSM TPH KPUTUYHUX IapaMeTpax, 30Kpema,
npu MepEeBUILICHHI TpaHUYHO- IOy CTUMHX
KOHIEHTpalliii KkucHO Ta iHme. lleid KoHTposb
0a3yeTbCsl Ha JaT4MKaX Ta MIKPOMPOIIECOPHUX

KOHTpOJIEpax. [Iporpamue 3a0e3neYCHHS
ISSN 2707-5796. Kataliz ta naftohimia. 2021, 32

poboTHu3oBaHHOTO TIporecy, a Takoxk cuctemu [IAC,
BUKOHaHO miApo3miiom Techinservice Intelligence.
Omneparopcekuii iHTepdeiic 0a3yeTbcsi Ha CyJacHii
SCADA-cuctemi. Kpim MOHITOpHHTY 1 yIIpaBIiHHS, IS
CHCTEMa MPOTOKOIIOE Jii omeparopa Ta 3abe3medye
BimoOpakeHHS KPUTHYHUX IMOBIAOMIIEHb. 3apa3
yCTAaHOBKA IMpalIOe B  IITaTHOMY  peXuMi, ii
obcmyroBye 16 mpamiBHMKiB, B ToMy umcm 4
OIepaTopH, 110 MPAIFOIOTh B JIBi 3MiHH.

Butpatu 100% nepokcuay BOIHIO i NPOMiJIEHY
Ha 1 1 I1O cranoBnsaTs 0.68 ta 0.75 T BiAmoBigHO, 10
BiAmoBimae mpuitHaTUM HOpMmaMm mis HPPO mporecy
[3].

Bucnoexu

B pesynbpraTi criiBpoOITHUITBA 1HKUHIPUHTOBOT
kommanii TOA «Bupobamua rpynma Texincepic» 3
IncturyTom copObuii Ta mpobiiem enpoekosorii HAH
VYkpainu po3poOineHo HoBy BiTumzHsHy HPPOa
TEXHOJIOT1I0 BUPOOHHUILTBA MPOMiICHOKCUIY. BBeneHo
B ekciutyaranito HPPOa ycranoBky notysxkHictio 2000
touH [IO/pik Ha onedinoBomy 3aBomi TOB
«Kapnmaraadproxim» B M. Kamymi. TOB “Kapmar-
Ha(TOXIM* Mae Hamip mobyayBaTH BupoOHHUTBO [10
noTyXHicTio 130 THC. TOHH Ha PIK 3a TEXHOJOTIE
HPPOa.
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New HPPOa technology for propylene oxide production: from laboratory reactor to
commercial pilot installation

1.V. Shchutskyi!, V.V. Brei?, M.E. Sharanda?, Y.V. Kas’kov?, O.Yu. Dagaev?, I.M. Pidsadyuk?, A.M. Mylin?,
Y.O. Mykhailenko?!, O.Yu. Zienchenko?!

Manufacturing Group Techinservice Limited, Makiivskyy Provulok, 1, Kyiv, 04114, Ukraine net@techinservice.com.ua
?Institute for Sorption and Problems of Endoecology of the National Academy of Sciences of Ukraine ,
13 General Naumov Str., Kyiv, 03164, Ukraine, brei@ukr.net
3LTD "Karpatnaftochim", Promyslova Str. 1, Kalush, 77306, Ukraine, E-mail: mail@knh.com.ua

The development of HPPOa technology on production of propylene oxide from propylene and hydrogen
peroxide with the use of acetonitrile as a solvent instead of methanol is shortly described. Laboratory studies included
the development of a new catalyst and its testing in a flow fixed bed (4-10 cm?®) reactor at 40-55°C/3.0 MPa. Proposed
TIS-1 catalyst was synthesized using dispersed Newsil 115 silica instead of traditional TEOS for TS-1 zeolite
obtaining. Silica Ludox 40 and starch were used in the synthesis of TIS-1 catalyst also. On the basis of determined
molar composition of reaction 60% H,O, - propylene- 85% acetonitrile mixture and a load on catalyst the HPPOa
(hydrogen peroxide to propylene oxide in acetonitrile) technology for a pilot installation with capacity of 2000 t/y has
been developed. The main equipment — 3 reactors, 6 distillation columns, absorber, heat exchangers were made in
Ukraine by Techinservice Manufacturing Group Ltd. At the beginning 2019, the construction of HPPOa installation at
the olefin plant of Karpatnaftochim Ltd in Kalush began. The first start of this installation took place in June 2020.
That is, in a very short time, 3 years after the start of laboratory tests. Technological HPPOa scheme includes
epoxidation of propylene, preliminary separation of the product mixture, purification of propylene oxide, propylene
compression, purification of propylene from propane, absorption of propylene with acetonitrile, regeneration of
acetonitrile. The installation is a rather complex engineering system, some elements of which operate under both high
(30 atm) and low (0.1 atm) pressure at temperatures from -30 to 150°C. Now the installation is brought to design
capacity with the production of commercial propylene oxide with a polymeric purity of 99.95% without the use of
traditional ammonia and hydrazine. Fully automated installation is serviced by 4 operators working in two shifts.
Consumption of 100% H,0, and propylene per 1 ton of propylene oxide consists 0.68 and 0.75 tons, respectively. Ltd
”Karpatnaftochim” intends to build a facility for production of propylene oxide with a capacity of 130,000 tons per
year using HPPOa technology.

Keywords: propylene oxide, hydrogen peroxide, heterogeneous catalysis, zeolite TS-1, HPPO process
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AKTHBHI HEHTPH KAaTAJI3aTOPIB OKMCHO-BIIHOBJIIOBAJIBHUX MPOLIECIB

I'.P. KocmamoeToBa

Inemumym ¢hizuunoi ximii im. JI. B. [Tucaporcescokoco HAH Yrpainu
03028 Kuis-28, npocnexm Hayxu, 31 kosmambetova@ukr.net

Posenanymo  pozeumok yaeneno npo CmMpyKmypy aKmueHo20 YeHmpy meepooasHux Kamanizamopis,
nouunaroyu 6id pooim X. Tetinopa 0o cyuacno2o po3ymiHHs CKIAOHOL ma 6a2amopieHesol CmpyKmypu KamaiimuyHux
cucmem. Ilpoananizoeano OCHOBHI Munu AKMUBHUX YEHMPIE KAMANi3amopié OKUCHO-8IOHOBIIOBAIbHUX NPOYECi8
21UbOK020, CeleKMUBH020 ma BUbIpKo8o2o nepemeopents. llokazano, wo 01 KO#CHO20 MUNy peakyil, He3aleHCHO
8i0 XiMIYHOI NpupoOU KOMNOHEHMI8 Kamanizamopd, CmpyKmypa akmueHo20 YeHMpa Xapaxkmepuzyemovcs NnesHUMU
CHIbHUMU O3HAKAMU MA SUHAYAE HANpAMOK nepemeopents. OcoOaugy yseacy NpuodiieHo CMmpyKmypi aKmueHUx
yewmpis, chopmMoBanHux 3a MUNOM I301b08aHO20 aKmueHozo yewmpa (‘‘single site isolation”), ski 003601410Mb
docsaemu  BUCOKOI  CeNeKMUBHOCMI  KAMAlimuyHux npoyecié 6 HANpsMKYy CIMEOPEeHHS YLIbOsUX NpPOOYKmie i
3a0e3neyumu nPoOmiKauHs HOBUX peakyii. 3o0kpema, peakyiss OKUCHIOBATbHO20 KAPOOHITIOBANHS MEMAany 6 oymosy
Kuciomy enepuie Oyia nposeoeHa 6 2a3osill (a3l 3 GUKOPUCTNAHHAM 5K OKUCHUKA MOJIEKVIAPHO20 KUCHIO Md
Kamanizamopax, axmueHi yewmpu fKuX sensau cobow usonvosawi ionu Ry cknadi cenenoxnopudie podiro.
Oxpemuti mun aKkmueHux YeHmpis npeocmagieHo amomamit, pO3MAuLO8aAHUMU HA SPAHUYSX PO3OLTY KPUCTATINIG, KT
BUHUKAIOMb  BHACIIOOK — MIJDCHPA3HOL  63AEMOOII  MIdIC KOMHOHEHMAaMy Kamdanizamopa. HOCIEM, AKMUGHUM
KOMHOHEHMOM, MOOUQDIKAMOPOM, A MAKOHC SPAHUYAMU MINHC OOHOPIOHUMU HAHOKPUCMATIMAMU 8 A2N0MEPOBAHUX
cucmemax. Ilokazano, wo 6axciugy poib y nposasi KamalimudHux elacmusocmeti 8idiepae 00CMYNHICMb AKMUBHUX
yenmpie O0asi peazenmie, AKA 00YMOGIEHA NPOCHMOPOBOID CMPYKMYpolo kamanizamopis. Ilpuxiadom maxux
Kamanimuynux cucmem € yeoaimu, memanoopeaniyni cnonyku (MOF), mezocmpykmyphi okcuou, 8 sSKux aKmueHi
yenmpu po3mauio8yiomscs 6cepeOuti nopodxcHunu Kananie. OcHogna cmpamezisi 00CIiONHCeHb 8 2ay3i CIMBOPEHHS
VOOCKOHANEHUX KAMAI3amopie CAPIMOBAHA HA PO3POOIEHH MemOodi8 CUHmMe3y KamantimuiyHux Mamepianis, y AKux
3a6e3neyyemucs K YMEOPEHH MAKCUMANbHOL KIIbKOCMI aKMUBHUX YEeHMPI8, MAaK ix 00CMYNHICmb OJisi peazeHmis i
nooanvule CeleKmueHe NepemeopeHHs 6 Yinbosi npodykmu. KoHCmpyloeanHs makux cucmem € KOMHIEKCHUM
3A680aHHAM, AKEe IPYHMYEMbCA HA 8CMAHOBNEHHI KOPENAYIUHUX 3ANeHCHOCMEL MIdC CKIA0OM, CMPYKMYpoio I
POBMIPHUMU XAPAKMEPUCHUKAMUY KAMALIMUYHUX MAMEPILAlie.

Knrwouogi cnosa: xarainis, KaTanizaTopH, aKTUBHI LIEHTPH, OKHMCHO-BIJJHOBIIIOBAIbHI IPOILIECH

Bcemyn

Poszsumox ysaenens npo cmpykmypy akmueHozo
Yewmpy Kamanizamopis

[ToHSTTS aKTUBHOTO IIGHTPY € KJIFOUYOBUM Y
Katanmizi. Iges mpo akTUBHI LEHTPH, SK 0coONMBi
JIUISHKA TIOBEPXHI, Ha SKWX BiTOYyBa€Thcs mepeoir
KaTaJiTUYHOI peakiii Oyjia Brepiue BHUCIOBICHA X.
Teiimopom y 1925 pomi [1]. IcHyroui Ha TOit MOMEHT
MpWiIaad s JOCTI/DKEHHS BJIACTUBOCTEH TBEPIMX
PEYOBMH HE JI03BOJISIIM OTPUMATH iH(GOPMAIIIO PO iX
CTPYKTYpPY Ta CTaH IMOBEPXHi, ajie Bxke Tojl Teiiopom
Oyna BHCIOBIIEHa iAes, Mpo Te, IO BHCOKa
KaTalliTHYHa AaKTUBHICTh NHCIIEPCHUX MaTepiajiiB
00yMOBJICHa HEOJHOPIIHICTIO iX TMOBEpXHi. Bin
NPUMYCTUB, IO TINBKM JEsIKi AUISHKH TOBEPXHI
METalliB  TMPOSBISIOTh  KaTANITHYHY  aKTHBHICTB,
OCKUIBKH KUTBKICTh IICHTPIB, 1€ BiIOYBArOTHCS CTAIIl,
SIKi BHM3HAYaIOTh IIBHUJKICTh KAaTAJITHYHOI peakilii,

Ha0araTo MEHINA BiJ| 3arajibHOI KIJTBKOCTI LEHTPIB,
JNOCTYIHUX I aAcopOIii peareHTiB. 3icTaBICHHS
CTPYKTYPHHX XapaKTePHCTHK TOBEPXHEBUX IICHTPIB
pI3HUX KaTali3aTopiB 31 HIBHIKOCTSMH  peaKIii
MoKas3ajo, 10  PpO3pUB  XIMIUHUX 3B S3KiB
CIIOCTEPIraeThecs JIUIIE Ha TIEBHUX JTUISTHKAX IMTOBEPXH,
SKi BiH Ha3BaB «aKTHBHUMH LEHTpaMm». MoKHa
BiJ3HAYUTH, HIO CaMe€ 3 [bOr0 MOMEHTY BHMHUKIN
mepiri ysBISHHS MpO KaTalli3, SK Npo crerudivyae
SBHIE, IO BiAOYBAETbCA HAa MOJEKYJSIPHOMY piBHI
[2]. Ha mixcraBi ysiBieHb PO aKTHBHI LEHTpU OYJI0
3allPpONIOHOBAHO  KiIbKa TEOpi II0JO0 MPHPOIH
KaTamizy 1 MexaHi3My mii KaTamizaTopiB. BiamoBimHO
JI0 Teopii MPOMDKHHUX TTOBEPXHEBUX CIHOJIYK, 10 Oyia
3anpornioHoBana [lonsui i EBancom [3], Ha akTHBHHX
LEeHTpaX  BiAOyBaeTbcs  aKTHBOBaHa  aicopOIis
pearyro4ynx MOJIEKYJ, sSKa TPU3BOJIUTH 0 PO3PUBY
3B’3KIB MK aTOMaMd 1 YTBOPEHHS MNPOMIKHOTO
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KOMITJICKCY 3 aroMaMH KaTali3aTopa. YsBIEHHS IpO
MPOMDKHI KOMIUIEKCH Ta AaKTHBHI LEHTPU JISITIH B
OCHOBY 0a30BHX TEOpiii TeTepOTreHHOro KaTalli3y:
Teopis  aktmBHMX  aHcamOmiB M.l KoOo3eBa,
nanimrorosa teopis M.M. CemenoBa 1 B.B. BoeBoch-
koro, mynbturuietHa teopis O.0. banannina. B teopii
H.I. KoGo3eBa Oyi0 BHCIOBJICHO MNPHUITYIICHHS, IO
KaTaqiTUYHI ~ BIACTHBOCTI  MPOSBISAIOTE  OKPEMO
po3TamoBaHi aToMu ab0 CYKYIHOCTI HEBEIMKOTO
YHClia aTOMIB - «aKTUBHI aHCAMOIIi», sIKi (OPMYIOThCS
MpY HAHECEHHI KaTaTiTHYHO aKTUBHOIO MeETally Ha
iHepTHHI HOCI# [4]. Y MynbTHIUIETHIN Teopil karamizy
0.0. bamanzgina BU3HAYaJIbHY POJIb B MPOSBI KaTa-
JMTAYHOI Hii BUKOHYE CTPYKTYypHA BiAIOBIIHICTH
BiJICTAaHEW MK aTOMaMH B MOJIEKYyJaX pEareHTiB i
napamMeTpaMu KpUCTATIUHOI PeNnTKY KaTamizaropa [5].

B manuit gac, 3a nmpomosumiero komicii [IUPAC
(International Union of Pure and Applied Chemistry)
JUIL TIOHSTTS. AKTHUBHUH IIGHTP BUKOPUCTOBYETHCS
HACTyNHE BU3HAYCHHS: aKTUBHUH LIEHTP KaTalizaTopa
— aroMm abo rpyma aromiB (iOHIB) KaTaiizaTopa, IpH
B3a€MOJII SIKMX 3 MOJIEKyJlIaMH (10HaMH, paJuKanaMu)
peareHTiB abo iHTepMeniaTiB BiIOyBaeThCs NpH-
CKOpEHHs XiMiUHUX peakxiriit [6].

s TBepmodasHMX — Karami3aTopiB  MOHSTTS
«aKTUBHI UEHTPW» HaHuacTille 3acCTOCOBYETHCS M0
IIEHTPIB ancopOIlii, Ha SKUX amcopOIlisa 1 KaTami3
BiIOyBalOTbCSI 3  MaKCHMaJbHUMH  BEIIMYMHAMH
KOHCTAaHTH INBUAKOCTI 1 MIHIMAJbHUMH EHEPrisiMu
aKTHBalii, TOOTO aKTUBHUH LEHTP MOEJHYE B cOOi
GbyHKIiT a7copOIiiHOro 1 KaTaTiTHYHOTO HEHTPiB [7].
YacTto akTMBHUH LEHTP TBepa0(a3HOro KaTaizaropa
CKJIaZaeTbcs HE 3 OJHOIO aroma, a 3 aHcaMOIo
aToMiB, TOMY JJIsI IO3HAYEHHS TaKUX CKJIaIHUX
LEHTPIB JesKi aBTOPH BHKOPHCTOBYIOTh ITOHSTTA
«KaTaJITUYHO aKTUBHHH mpocTip» [8].

[IpuckopeHHsa XiMIYHHX peakLii B MPUCYTHOCTI
KaTajizaTopa 3IIHCHIOETBCS 3a PAaxXyHOK 3HIDKEHHS
MOTEHIIHHOTO Oap’epy, HEOOXIAHOTO AN PO3PHUBY
MIOHMX XIMIYHMX 3B’S3KiB IUISIXOM  YTBOPEHHS
aKTUBOBAaHOTO  KOMIUIeKca  (iHTepMeniara), IO
CKJIaa€Thcs 3 AaTOMIB Karami3aTopa 1 MOJEKYT
pearentiB  [9]. IlporsroMm icHyBaHHS  TaKoOro
aKTHMBOBAaHOTO KOMIUIEKCa BigOyBa€ThCs JIOKalbHA
CTpYKTypHa TiepeOynoBa TOBEPXHi, IO TOJIETIIye
(opMyBaHHS HOBHX XIMIYHHMX 3B’SI3KIB 1 YTBOpPEHHS
npoaykTiB peakuii. lecopOuis NpoayKTiB NPU3BOIUTH
N0 PpyHHYBaHHS KOMIUIEKCa 1, BiJNOBiIHO, MO
MOJJIMBOCTI 371MCHEHHS HOBOTO LUKy KaTaliTUYHOI
peaxiii.

OKHCHO-BITHOBHI peakIlii BimOyBarOThCcI Ha
MTOBEPXHI MeTaiB abo0 HAaIIBIPOBITHUKIB, 3TaTHHUX
nepenaBaTi abo MpUIMaTH HeclapeHi eNEKTPOHH Bij
pearytounx wmonekyn [10]. BiamoBimuo, amsi Takux
peaxIriif, HAWMPOCTIIIAM THUIIOM aKTHBHOTO IICHTPY €
aTOMH Ha TOBEpXHI MeTanmy. B Oinmburocti BUMankiB
nepexigHi MeTand 3a CBOIMH KaTaliTHYHUMH 1
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asicopOLitHIMHU BJIACTHBOCTSIMH 3HAYHO
MEPEeBEPIIYIOTh BCI iHII, 110 00YMOBJICHO HAsSBHICTIO
B Hux d-enmekTpoHiB [11]. AKTHBHHUMH [IEHTpaAMH
azcopOmii Ta Karajizy Ha TEPEeXiTHUX CIIEMEHTax €
KOOPJIMHAIHHO-HEHACHYEH1 aTOMH MOBEPXHI
TBEPJIOTO Tija 3 HeJoO0yIoBaHUMHU d-OpOiTasaMu.

Cepen HaIBIPOBITHUKIB KaTaTITHYHY AKTHB-
HICTh BHABISAIOTH CIIONYKH eneMeHTiB VI rpymm
nepionuunoi cucremu (O, S, Se) 3 mnepexiTHUMU
MeTallaMu. 3a3BWYail Ile OKCUAM, pifme cynbdian
metaniB. KaramiTW4yHi BIACTHBOCTI TaKHX pPEYOBHUH
BU3HAYAIOTHCS HASIBHICTIO Y aTOMIB MEpexiIHuX
METalliB  JIEKITbKOX CTYNEHIB OKHCHEHHS, IO
MOJIETIIYE TIEPEHECEHHsI EeJEeKTPOHa BiJl aKTHBHOTO
IIEHTpa JI0 peareHra B MpoIleci Woro aktupaiii. bibm
BHCOKY KaTaJiTHYHY aKTUBHICTh BHSIBIISIOTH OKCHUIU
MeTaliB 31 3MIHHOIO BaJIeHTHiCTIO. BaxmBum
YUHHUKOM, II[0 BHM3HAYa€ KaTaJIiTUYHY aKTHUBHICTh
OKCHJIIB, € KOOpJUWHAIlisI MeTany 1 KpHucTaliuHa
CTpyKTypa okcuay [12].

Axmueni yenmpu Kamanizamopie 2nuboxo2o,
CENeKMUBHO020 Ma BUDIPKOBO20 NEPemE8OPeHHs.

VY peakuisix TTMOOKOTO OKHCHEHHS BYTJIEBOIHIB
1 KHCEHb-BMICHHX CIOJYK OUIBII aKTUBHUMH €
OKCHIM, B SKHX KATiOH MeTaly 3HaXxOJHUThCS B
OKTaC[PUYHOMY OTOYCHHI AHIOHIB KHUCHIO. Y TaKii
KOOPIWHAII €HEepris 3B’S3Ky MeTal-KHCeHb HIDKYA,
HDK B TeTpaenpHuHiid, IO TOJETIIye BiApUB KHUCHIO
IpaTk, SIKUH € JIIMITYIOUOI CTaIi€l0  peakiii
rmubokoro okucHeHHA. Came TOMYy Yy peakuisx
TITUOOKOT0 OKUCHEHHSI aKTMBHUMH € KaTani3aTopu Ha
ocHOBI okcuuiB 3-d MeramiB: KoOanbTy, M,
Maprasifto, 3aiiza, XpoMy, HIKEII, a TaKOX 3MilllaHi
OKCHJIM CTPYKTYpHW IIMiHEN i MEepOBCKITY Ha OCHOBI
takux MetamiB [13, 14]. Bucoky KaramiTHYHY
AKTUBHICTh Yy PEAKINsIX TJUOOKOTO OKHCHEHHS
BUSIBIISITh HAHECEHI CUCTEMHM Ha OCHOBi 01aropogHux
MeTaiiB. Y pob6ori [15] mokazano, mo kaTasmizaTopu, B
SKMX aKTUBHI LEHTpH TpenacTaBieHi mapoto Pt-Pd y
cuiBBizHomenHi 1:1  akTuBHiN B  TIMOOKOMY
OKHCHEHHI Toiyony, HiX unctuii Pd, Hanecenuii Ha
ME30TOPUCTHN OKCH/I AITFOMIHIIO.

Jis  mporeciB  mapIiiaibHOTO OKUCHEHHS Ta
JEeTiIpoTeHn3anii  BYTJIEBOMHIB OUTBIN  MPUHHATHI
OKCHJI 3 BHCOKOIO EHEPri€i0 3B’s3Ky MeETal-KHUCCHb.
Jlo Takoro TUIy BiHOCATHCS KaTaii3aTOpH Ha OCHOBI
OKCHIB BaHail0, BOJIb(pamy, MOIiOeHY, HIKEIIO IS
MPOIIECIB MAPIiaJbHOTO OKMCHEHHS METaHy B KHCCHb-
BMICHI CHOJYKH Ta OKHCHIOBAILHOI'O JICTiJIPyBaHHS
ByrieBojHIB [16]. AKTHBHHMH IEHTPAMH OKCHAHUX
KaTaji3aTopiB OKHCHO-BIIHOBHUX peakilii MOXYTb
OyTH TaKoX KHCHEBi1 BaKaHCIi, SKi BUHHUKAIOTh depe3
nedexTd B CTpyKTypi abo HasBHOCTI nomimok [17].
Jns  akTuBalii BENUKWUX  MOJEKYJ, HAMpUKIA,
BYIJICBOJHIB 3 JIOBTUM BYTJICIICBUM  JIAHIFOTOM
BiI0OYBa€ThCS 0araToleHTPOBA aacopoIis i,
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BIJIMIOBIIHO, AKTUBHUHM LIEHTP BKJIIOYA€ HE OJUH, a
JIeKiTbKa aTOMiB, 00’ eHaHKX B aHcamOuib [18].
KaramizaTop Moke BKIIOYaTH AEKiIbKa BHIIB
aKTUBHUX IEHTPIB, IO J03BOJISIE HOMY OpaTH y4acTh y
KUTbKOX XIMIYHUX peakiisx. LleHTpu, akTUBHI B OJHIH
peaxiiii, MOXKyTh HE BHSBIIATH aKTUBHOCTI B 1HIIWH. Sk
MpaBWJIO, AKTHBHI IIEHTPH (QOPMYIOTHCS Ha CTamii
MPUTOTYBaHHS KaTaji3zaropa Ta Oe3mocepenHbo ix
Yyac KaTaliTHYHOro mpouecy. Hampuxman, okcuan
HiKem0 1 MomiOJeHy, SK Karami3aTopw —Tiapo-
necynb(@ypyBaHHSI, B TpoIeci KaTamidy BiJHOB-
JIOIOTBCS 1 TIEPETBOPIOIOTHCS B CyIb(inu, ki Oarato-
Pa3oBo 301MBIIYIOThH MIBUIKICTH peakirii [19].
Karamizatop Moke BTpadyaTH aKTHBHICTH 1
CEJICKTUBHICTD, SIKIIIO aKTUBHHUMA IICHTP 3a3HAE OyIb-
SKUX 3MiH CKIaay a0o CTPYKTypH, OJIOKyBaHHS
MPOAYKTaMU peakiii (MpHKIaa, 3aKOKCYBaHHS Kara-
nizaropiB  Hadromepepobku) [20]. Tummii daxrop
3HW)KEHHSI aKTHBHOCTI KaTaji3aTopa IIOB’s3aHUM 3i
3MEHIIECHHSIM KiJTbKOCTI aKTUBHHX IICHTPIB B pe3yiib-
TarTi CIikaHHA a00 Mirpallii YaCTHHOK aKTUBHOI (ha3m.
BaxnuBuii MOMEHT Uil BUPILICHHS NPOOJIeMH
CENIEKTMBHOCTI  MOJSIra€ y CTBOPEHHI  3agaHoi
CTPYKTYPH aKTHBHOTO IEHTPY, IO 3a0e3mnedye nepedir
peakiiii B OiK YTBOPEHHs IJIbOBHX MpOayKTiB [21].
IcHye e HHU3Ka BaXJIUBUX (aKTOPIB, SIKi HEOOXiTHO
BpaxoBYBaTH TpU  pPO3POOJIEHHI  CENeKTHBHHUX
KaTami3aTopiB:  peakiiifHa  3JaTHICTh  BUXIJIHHX
peareHTiB i MPOAYKTIB peakilii, JIOKaJIbHE OTOYCHHS
aKTHBHOT'O IIEHTPY, pO3Mip 1 (opMa HAHOYACTHHOK
AKTHBHOTO KOMITOHEHTA, B33a€EMOIisI MiX
HAHOYACTMHKAMU aKTHMBHOT'O KOMIIOHEHTa 1 HOCIS,
YMOBH MpoBejeHHs peakiii [22]. CknaaHicTh peakinii
CENICKTHUBHOTO MEPETBOPCHHS ANKAHIB Y KUCEHb-BMICHI
CIIOJTyKH 0OYMOBJICHA OiIBII BHICOKOIO PEaKINHOIO
3MATHICTIO TPOIYKTIB peakmii y TOpiBHAHHI 3
BUXITHUMH peYOBMHaMHU. B pe3ynbrari, NPOLyKTH
peaxirii, ki YTBOPIOIOTHCS Ha MOBEPXHI KaTali3aTopiB,
3a3HAIOTh Mojaibiioro okucHeHHs 10 COz, He
BCTHUTAIOUM 3IMIINTH 30HY peakuii. Jis ycknangnenns
JOOKHCHEHHs TponaykTiB P. 'pacemni 3ampornoHyBaB
MEBHY CTPYKTYpHY oprasizaIriro MOBEPXHI
KarajizaTopa, Mo siBJis€e COOOI0 i30JIbOBaHI AKTHUBHI
LIEHTPH, TPOCTOPOBO BifJaIeHi OJWH BiJ OJHOTO —
«single site isolation» [23]. Taki i307p0BaHi aKTHUBHI
LHEHTPH MOXKHA pPO3MISAATH SIK aHaJOT'M aKTUBHHUX
LEHTPIB TOMOT'€HHHX KaTalli3aTopiB, Y AKUX aKTHBALlis
pearcHTIB BiI0OYBAETHCS MUITXOM iX BIPOBAKCHHS B
KOOpAMHALIAHY cdepy [eHTpajdbHOro atoma [24].
[Iporpec y uiii obnacrti mepur 3a Bce IMOB’sI3aHUM 13
3aCTOCYBaHHSM  (DYHKI[IOHATBHUX HaHOMAaTepialiB,
30KpeMa, MOJEKYJISIPHHX CHT, B CTPYKTYpY SKHX
IHKOPIIOpPOBaHi 10HM aKTHBHHUX METaliB, a TaKOX
MeTanopraniyaux  crnonyk (MOF, metal-organic
framework) [25-26]. JIOCATHEHHTO BHCOKOT
CEJIEKTHBHOCTI T€TePOreHHO-KATAIITHYHUX MPOIECIB 3
BUKOPHUCTAaHHSIM KaTAJIITUYHUX CHUCTEM, SKi MICTATh

130JIbOBaHI aKTHUBHI IICHTPH, NPUCBSYCHI OTJISIOBI
poborn [27-29]. Takmii minxigq A0 CTBOPCHHS
CEJIEKTUBHUX KaTalli3aToOpiB BiIKPUBAE MOMKIIUBOCTI 10
peamizamii HOBUX KaTaJiTUIHUX MapIIpyTiB. ABTOpH
[30] Bmepmie 3milicHmnum  ra3odasHy — peakiito
OKHCHIOBAIBHOTO  KapOOHITIOBaHHS ~ MeTaHy B
METWJIAIETaT 3 BHKOPUCTAHHSAM SK OKHCHHKA 3aKHCY
a30Ty. AKTHBHI UEHTPH peakmii SBIsUIM Cco0O0r0
m3omboBani ionn Rh*', inkopmopoBani y cTpykTypy
FePO4 y mpomeci cunTtesy karamizaropa [31]. Hamu
peaxiiisi OKHCHIOBAJIHHOTO KapOOHITIOBAaHHS METAaHY B
OLITOBY KHUCIIOTy BHepiie Oylia IMpoBeJeHa B ra3oBii
¢a3i 3 BUKOPHUCTAHHSIM K OKHCHHKA MOJEKYJSIPHOT'O
KHCHIO Ta Karaji3aToOpiB Ha OCHOBI TPOAYKTIB
TEPMOPO3KIIAay CeJIeHOXJIopuaiB  pomito  [32-33].
[loka3aHo, 1m0 HE3BaXalOYM HA  CTPYKTYpHY
mepe0yIoBy CIIONIYK Y TIPOIeci TepMOAECTPYKIIii,
CEJICHOXJIOPHIHI MICTKM MDK aTOMaMH  POJII0
30epiraloThCsi y BUXITHOMY CEJICHOXJIOPHII POJil0
RhsSeisClio,  mpomykty — #oro  TepMOpo3KiIamgy
RhsSesCl, a Takox y KaramizaTropax Ha BYTJICIIEBHX
Hocisix [34]. B OCHOBI Takux CTPYKTYp JI€KHTh
kyOanomonione supo [Rha(u3-Se)s], sike 30epiraerbest
HaBiTh 3a MiABUINEHHS TEMIEpaTypu pPO3KIaLy g0
700 °C (puc.1).

D -/
Se—Se
TT~Se_

Puc.1. ®parment xkybanomnoaioHoro siapa [Rha(u3-
Se)s] B CTPYKTYpi CEICHOXJIOPHIIB POJIIIO.

JocaimpkeHnHss BaHaAili- Ta MOIIOJACH-BMICHUX
KPEMHE3eMIB Ta ME30MOPHCTUX MOJICKYJISIPHUX CHT
SBA-15 i MCM-41, mokasasno, o CHHTE3y OITOBOI
KHCJIOTH Ta ii TOXIIHWX CIpHUs€ HE TUIbKH TIeBHA
CTPYKTYpHa OpraHi3allis aKTHMBHOT'O IEHTPY a TaKOK
opucTa  CTPYKTypa  Karajizartopa. 3o0kpema,
BCTaHOBIIEHO, 10 Cy-C3-OKCUTEHATH YTBOPIOIOTHCS Ha
BaHAMIH- Ta MOJIOMEH-BMICHUX MOJIEKYJISIPHUX CHTaX
SBA-15 i MCM-41, axTuBHI UEHTPU  SKHX
MPEJICTaBJICHI IHKOPIIOPOBAaHUMH B 1X CTPYKTYpPY
aTOMaM¥ BaHAIio0 1 Momiomeny (puc.2. a, 6), a po3Mip
mop 3-4 HM CTBOPIOE MPOCTOPOBI OOMEKECHHS ISt
3pOCTaHHS BYIJICIIEBOTO JIAHIIOXKKA 3 YTBOpPeHHsIM C—
C 3B’s3Ky [35].
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Puc.2. CtpykTypa aKTHBHOIO LeHTpY Ha moBepxHi V-MCM-41 (a), Ta cxema yTBOPEHHS OLITOBOi KHCIIOTa Ta ii

noxigHux y nopax V-MCM-41 (0).

[loka3aHo, 10  KOHCTPYIOBaHHS  aTOMHO
JTUCTIEPCHUX METAJIeBUX KaTami3aTopiB Uil peakiii
CNeKTPOBIIHOBIEHHS KHCHIO €  IEPCIEeKTHBHUM
MiAX00M ULt JOCSITHEHHS e(eKTHBHOTO
NepeTBOpPEeHHs. eHeprii. 30KpeMa BCTAHOBJIEHO, IO
TEMIUTATHUI CUHTE3 BYTJIEIEBOI MAaTpPHIIi, TOTIOBAHOL
a30TOM Ta CIPKOIO, 3 i30JIbOBAaHUMH AKTUBHUMH
aToMaMu  3ajJi3a  OPU3BOAUTH 1O  YTBOPEHHS
KaramizaTopa, OuThIl edEeKTUBHOTO Y TOPIBHSHHI 3
MIPOMHKCIIOBUM Kataiizatopom Pt/C [36].

OcobnuBuit TUI AKTUBHUX LIEHTPIB
NPEACTaBICHO  aTOMaMH,  PO3TAllOBaHUMHM  Ha
TPaHUIIX PO3JAUTY KpPHUCTANITIB, SKi OyBalOTh JIBOX
tumiB [37]. Tlepumit € Mik(}a3HOW TpaHULCIO MK
OKpPEMHMH KOMIIOHEHTaMM Karajli3aTropa, HOCIEM,
AKTUBHUM KOMIIOHEHTOM, MoaupikaTopom. pyruii —
TPaHUISI MDK OTHOPIMHAMU HAHOKPHCTAIITAMH B
arnoMepoBanux cucremax [38]. Takuit T Ha3MBAIOTH
me rpanumsivu 3epeH  [39]. Crpykrypa rpaHuib
3QJIOKUTh TIEPIT 3a BCE BiJl B3a€EMHOI Opi€HTAIlii
CYCIJIHIX KpPHUCTQJIIB 1 THUIy MIXKaTOMHOI B3a€MOJIi.
ATOMHA LIIBHICT MIK3epeHHHUX rpaHunb Ha 20-40%
MEHIIa BiJi IIIJIBHOCTI HAHOKPUCTANITIB, MO €
pe3yIbTaTOM  HEBIMMOBITHOCTI  CTPYKTYp  Pi3HHUX
HaHOKPHCTAJIITIB, PO3TOPHYTUX XAOTHYHO BiJHOCHO
onvH oxHOro. Y HaOmmxkeHHi A0 chepudnoi dopmu
3epHa, MmO Mae miamMetp d 1 TOBIIMHY TpaHUIL
po3nineHHss O, dYacTKa MDK3EPEHHHX TI'paHULb
PO3IICHHSI B 3arajlbHOMY 00’€Mi YaCTHHKH JIOPIBHIOE

[40]:
ﬂV}‘V — [gdS _g (Ei _ 25}3] (g d3)-1 ~%§

3a TOBHIMHM TpaHMIN PO3AUICHHS y 3—4 aTOMHHX
monortrapu (0,5-1,5 HM), 1 cepeIHBOMY PO3Mipi 3epHa
10-20 uM Ha moBepxHeBui map mnpumnagae jao 50%
BCi€l  pedyoBMHU. MIDXK3EpeHHI  IpaHULl  YiTKO
IMIEHTU(IKYIOTBCSI METOAOM EJICKTPOHHOT MIKPOCKOTIT
BHUCOKOI PO3IIBHOI 3JaTHOCTI, SIK II¢ MOKa3aHO Ha
puc.3 Ha OpUKIAagl  HAHOMAaTepiady  CKIamy
Zr52Ti5A|1oCU13Ni14 [40].
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Puc. 3. I[IEM BP 300pakeHHs TpaHHIlb PO3IITICHHS
B HaHOMarepiami ckinany Zrsy TisAlioCuisNiig [40].

Y manomarepianax 3 po3Mipom 3epeH Bix 10 10
100 aM Mmix3epenHi rpanumi MicTaTh Bix 10 mo 50%
aTOMIB HAaHOKpHCTaliuHOro TBepaoro tina [41]. B
HAaHOPO3MIPHUX  KaTami3aropax dYacTka  aTOMIB,
PO3TalIOBaHNX HA TPAHUMAX PO3IUICHHS € 3HAYHOIO,
ale TakMid TUN AKTUBHUX [EHTPIB  HaMEHII
JOCTI/DKEHUH y TeTepOreHHOMY Kartamizi. € muiie
JeKiTbKa poOIT, B SKHX OOTOBOPIOIOTHCS aKTHUBHI
LEHTPH, PO3TAIIOBaHI HA MIDK3EPCHHUX TPaHHIISIX.
30kpeMa IMOKa3aHo, LI0 OKpiM po3Mmipy, ¢opmu Ta
HasIBHOCTI I'paHeil 3 HU3bKOKOOPAMHOBAHUMH aTOMaMH
Ha  KaTaJiTHYHy  AaKTUBHICTb  MOHOIUCIICPCHHX
HAaHOYACTMHOK IUIATWHHM Yy peakuili BiJHOBICHHS
HiTpoeHONy BIUIMBA€E arjoMepalis HaHOYaCTHHOK
[42]. BcranoBimeHo, IO MIBHAKICTE peakiii Ha
HAHOYACTHHKAX IUIATHHHM, IO 3’ €HAHI Yy JIAHIIOKKH,
ICTOTHO BWIIA, NOPIBHAHO 31 MIBHIKICTIO Ha
130IbOBaHUX HAHOYACTMHKAX IUIATHHH Ha HOCII.
ABTOpH TOSICHIOIOTH OTPUMAHHUH pE3yJIbTaT BEIHKOIO
KUTBKICTIO MDK3EpEHHUX IpaHullb MK
HAaHOYAaCTMHKAMH IUIATHUHM, SIKi 3B’A3aHi Y JIAHLIOKKH.
Bucoxka xaTanmiTH9HA aKTHBHICTD Y peakilii OKUCHEHHS
METaHy HaHECEHUX HAaHOPO3MipHUX rmepoBckutiB (La-
Ce)(Fe, Mn, Co, Pd)Os;, Ttakox 00ymMOBICHA
(opMyBaHHSIM MDK3EPECHHUX TPAHULb MK OKPEMHMHU
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HAHOKPHCTAIIITAMH, SIKi MOJIETIIYIOTh MITPAIif0 KUCHIO
B 00’emi karamizaropa (puc.4) [43].

B OKCHIHHUX cucTeMax (dbopmyBaHHS
MDK3EpPEHHUX TPaHUIlh TOJIETIIYE MIrparlifo KHCHIO B
00’emi KkaramizaTopa 1 MiJBUIIYE HOTO aKTHUBHICTh B
OKHCHO-BIJHOBHHMX peakuisix. Ha mnpukmani itpiii-
crabimizoBaHoro  jgiokcuay — mupkoHiro (Y SZr)
MOKA3aHO, IO HPHU NEepexoii B HAHOCTPYKTYpPOBaHUIT
CTaH MOro KaraliTUYHa aKTUBHICTh B peakii
OKHCHEHHSI MOHOOKCH/1y BYIJICLIO MiABUIIYETHCS Yy 2-3
pasu. Lle 0OymMoOBIICHO He JUIIe PO3MIPOM YAaCTUHOK Y
HAaHOMETPOBOMY  [lialma3oHi, ane ¥ JOCSATHEHHSM
MEBHOrO  cHoco0y  opradizamii ~ 4acTHHOK B
HaHOCHUCTEMH Ta  (OPMYBaHHAM  MDK3EpEHHHX
rpanmie, T06TO0 MopdomoriunuMu 3MiHamu [44]. 3a
JTaHUMU IIEM (mpocBiuyrouoi €JIEKTPOHHOI
MIKpOCKOITii) (OpMyBaHHIO MIK3EpEHHHX TPAaHUIb B
cTpykTypi YSZr cnpuse NiABHIICHHS TEMIIEpPaTypu
nposkaptoBanHs 10 800-1000°C (puc.5).

aKTMBHa NOBepPXHA

- HaHOYaCTWHKW

Puc. 4. Mixx3epeHHi rpaHUIli B HAHOYaCTHHKAX
meporckutiB (La-Ce)(Fe, Mn, Co, Pd)Os [43].

Puc.5. TIEM 3paskiB Y SZr npoxapenux 3a temneparyp 300 °C (a), 800 °C (6), 1000 °C (B).

IIBunkicte oxucHenns CO Ha 3pazkax YSZr
3pocTae 3i 30iJBIIEHHSM PO3Mipy HAHOYACTHHOK Ta
CTymeHs ix ariomeparlii BHACIiIOK (OpMyBaHHS 3a
MiZBHIICHHS TEMIIEpaTypy MPOKapIOBaHHS KHCHEBUX
MICTKIB pO3TAlIOBaHUX Y MIDK3EPEHHHX TPAaHUISIX —
aKTUBHMX IIeHTpiB peakmii oxucHenus CO (puc. 6).
Hatigumia mBuakicte okucHenns CO crnocrepiraiach
Ha Karamizaropax YSZr -1000 [45].

AKTHBHI IIEHTPH B 30HaX Mik(]a3HOi B3aeMOJil
BUHHUKAIOTH B  PE3yibTaTi CHJIBHOI  B3a€EMOJIii
KOMITOHEHTIB KaTalli3aTopa, K MPaBUiIO, aKTHBHOTO
KOMIIOHEHTa 1 OKCHJHOTO Hocis. BimmosimHo g0
BHU3HAYEHHS, JaHOTO B poboTi [46], edexkroM cribHOI
B3aemozii Meran-nocii (CBMH) naszuBaerbecsi rpyma
SBHII, L0 MNPU3BOAATH 10 3MIiHH EJIEKTPOHHHUX 1
CTPYKTYPHUX BIJIACTUBOCTEH HAHECEHHX METAJIICBUX
YaCTUHOK, 1[0 CYNPOBOJKYETHCSA  BiJMOBIIHUMHU
3MiHAMH aJCOPOLIMHMX 1 KaTamiTHYHUX (IIBHAKICTH
peakuii, CEJIEKTUBHICTb) XapaKTEPUCTUK. 3MiHH
CJIEKTPOHHUX 1 CTPYKTYPHUX BIIACTHBOCTEH MPHU3BO-
ISTh 0 TPOSIBY CHHEPreTUYHOro edekry Ta
MABUIEHHS AaKTUBHOCTI 1 CEJIEKTUBHOCTI KaTalli-

3aTopa, IO BHUKIMKaHi (DOPMYBaHHSIM aAKTHBHUX
IICHTPIB Yy 30HI KOHTaKTy HeoaHOpinHuX (a3 [47].

o 25 L0,5
N>- 20' _014 g
= &
8 15 1 -0,3 E
A =
5 ©
S 10 0,2 2
= g
S 51 01 >
- (&)
X

2 0- L 0,0

0 10 20 30 40 50

Po3mip kpucTaniti, HM

Puc.6. 3anexHicTs mBUAKOCTI okucHeHHI CO
(1) ta crynens arjomepauii (2) HAaHOYACTHHOK Y
katanizaropax YSZr -300-1000 iz ix po3mipy [45].
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Epexr CBMH 3a3Buuaii mposiBIsiEThCS Ha
HOCISIX € BIJHOBIIOBAJILHUMHM BiiacTuBocTAMU: 110>,
Ce0y, Nby0Os, V205 [48]. CBMH rpae BaxJuBy poib y
MPOSIBI  KaTATITHYHOI aKTHBHOCTI Ta CTaOUIBHOCTI
HAaHOPO3MIPHOT'O 30JI0Ta HAHECEHOTO Ha IOBEPXHIO
Hocis. HaHouacTWHKHM 30710Ta, HaHECeHI Ha OKCHJIHI
Hocii, Taki sk TiO2, Fe.O3 i CeO, MaioTh 3HAYHY
BUIIYy AaKTHBHICTb Yy peakmifix OKHUCIEHHS, B
MOPIBHSIHHI 3 HECTa0UTi30BaHUMHM HaHOYaCTUHKAMU
3onota [49-50].BaxkuBicTh B3a€MOIIT MK 30J0TOM 1
OKCHJIHUM HOCieM Oyja MpoJeMOHCTpOBaHAa B pOOOTI
[51]. Ha npuxmami OKHMCHO-BIZHOBHUX —peaKIliid:
okucHeHHss CO, peakuii BOJASHOrO 3CYBY Ta
MapIiaJbHOTO OKHCHEHHS TPOTAaHy TII0Ka3aHo, II0
AKTUBHUMH IIEHTPAMH BCIX TPhOX pEAKIii € 30HU
KOHTaKTy 30JI0Ta 3 OKCHIHMM HocieM. Ha mimcrasi
eKCMIEpUMEHTAIFHUX ~ JaHWX, OTPHUMaHWX TpaHC-
MmiciitHoto IK cmekTpockormiero, pe3yibpTaTiB Karta-
JMITHYHUX JIOCTIJDKEHb 1 PO3PaxyHKY eJIEeKTPOHHHUX
CTPYKTYp B paMKax Teopii (pyHKIiOHanma MIiIbHOCTI
(DFT — Density function theory) 6y0 3aIpoIoHOBaHO
CTPYKTYpY aKTHBHOTO LEHTpYy KaTamizatopa Au/TiO;
[52]. ITokazaHo, 110 BayKJIMBa CTais aKTHBALil KHCHIO
BiIOYBAETHCS MUIIXOM TIEPEHOCY 3apsay Bia 30J710Ta JI0
aHTH3BsA 3ylo4oi 21 opbitami kucHio O BHACTIIOK
B3aeMoZii B 30Hi KOHTakTy meHtpiB Au-Ti*" 3i
CTBOPEHHSIM TIPOMIDKHOTO aKTHBOBAHOTO KOMILIEKCA
Au-O-O-Ti*. Ha aKkTHBHHX IEHTpax, PO3TAlIOBAHMX
M0 TIEPUMETPYy HAHOYACTUHKHU 30JI0Ta aJcopOOBaHMM
KHCCHb 3JaTHUH  Oe3nocepefHbO  pearyBatd 3
agcopooannM CO Bxke 3a Temneparyp Huxue 130 K.
YV Toit e wac BigsHadaethes 1o CO, MirHO
ajcopOOBaHMi Ha IHIIUX JUISHKAaX 30JI0Ta, HE
aktuBHUM 1o 120 K, BHacmigok audy3iiHHX
O0OMEXKeHb, 10 HE J03BOJISIOTH HOMY MIrpyBaTH 0
KOHTAKTHHX 30H, Ha SKUX aKTUBYETHCS KUCCHb. Y Ml
ke poOoTi OyJO MPOJAEMOHCTPOBAHO, 110 OKHCHEHHS
BOJHIO 1 TMapIiialbHe OKWCHEHHS OIITOBOI KHCJIOTH
BiJJOyBa€ThCS 32 y4acTIO KUCHIO, aKTHBOBAHOTO TAKOX
Ha JAUSTHKax 30JI0Ta, PO3TALIOBAHMX MO IEPUMETPY
HAaHOYaCTHHKH.

3ane)XHiCTh aKTUBHOCTI B PEaKIlii OKMCICHHS
CO xaramizatopiB  Au/y-Fe;O3  Bix  BennuunM
MepUMEeTPy HaHOYACTHHKH 30JI0Ta 3 HOCIEM BHBYEHA B
po6orti [53]. Po3mip HaHOYACTHHOK 30J10Ta BaPiFOBABCS
B jgiana3oHi 2-20 HM i perynoBaBcs BMICTOM 30JI0Ta
ma wHocii Big 0,95 mo 4,5%, a Takok METOIOM
npurotyBaHHs. Ha gymKky aBTOpiB, MexaHi3M
okucHenHss CO Ha HaHOPO3MIPHOMY Kartami3aTtopi
Au/y-Fe,O3 npuHIMIOBO BiPi3HSAETHCS BiJl MEXaHI3MY
Ha karamizatopi Au/TiO., 30kpemMa ancopOIisi KUCHIO
Ha Au/y-Fe;Os BinOyBaeThcss Ha aromax 3aiisa,
pO3TAlIOBAHUX MO TEPUMETPY KOHTAKTHOI 30HH
HAaHOYACTHHKH 30JI0Ta 1 HOcis abo X Ha CyCigHIX
KHCHEBUX BAaKAHCIsIX.

BusHavanpHa ponb B aKTHBAILll pearcHTiB
aTOMIB aKTHBHOTO MeTany (abo OKCHIy MeTany),
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pO3TAIlIOBAHUX MICHSAX iX KOHTAaKTy 3 HOCIEM,
BUSIBJICHA JUIS HAHOYACTUHOK 30JI0TA, HAHECCHHX Ha
OKCHJ| IIMHKY, BYTJICIIEBUU HOCIH 1 repmaniit [54-56].
VY BUMMamKy HAaHOPO3MIPHOTO TaNalif0, HAHECEHOTO Ha
OKCHJI aJIFOMIHIIO MMOKa3aHOo, IO HE3BAKAIOUW Ha Te,
10 1€l HOCIM HE € BIAHOBIIOBAHHUM OKCHIOM, OLIBII
BHCOKA AaKTHUBHICTh IIEHTPIB, PO3TAIIOBAaHUX TIO
MepuMeTpy HAHOYACTHHKM Tanafilo o0yMOBJIEHA
OlbIl  BUCOKOK MinHIicTIO 3B’s3ky CO-meran Ha
MOBEPXHI HAHOYACTUHKH, B MOPIBHSHHI 3 AUISTHKaAMHU
nanajgilo, 10 3HAXOIIThCS B KOHTAaKTI 3 HOCIEM Ta
rajJpMyIOTh nepe0ir peakuii okucuenns CO [57].

st Toro, mo0 BUSBUTH BIUIMB KOOPAWHAIT
aTOMIB, PO3TAIlIOBaHUX II0 MEPUMETPY HAHOYACTHHOK
Ha IX AaKTUBHICTH OyJIM BHBYEHI KaTaJiTH4HI
BIAacTHBOCTI B peakuii okuciaenHs CO MoaenbHUX
KaTai3aTopiB Ha OCHOBI HIKEJIO, TaNamifo 1 TUTATHHU,
HaHeceHHX Ha miokcun uepito [58]. Bymu po3pobiieni
pPEryJIbOBAaHUM PO3MIPOM HAHOYACTUHOK, BY3bKHM
PO3MOAITIOM 3a po3MipaMH Ta OAHAKOBOIO (HOPMOIO.
Bapitoroun npupoay moBepXHEBO-aKTUBHOI PEYOBHHH
Ta TEMIEpaTypy TepMi4HOI 0OpoOKM OyJu OTpUMaHi
HAaHOYACTHHKH MAaJIOTO, CEePeAHBOr0 1 BEIHKOIO
pPO3MIpy: IJIS HIKeNIo Bix 4 10 12 HM, AT Manamio Big
2,5 no 6,3 um, s wiatuam Bix 1,6 10 2,9 um (puc.7).

OTpuMaHi  MOHOJHCIIEPCHI  HAHOYACTUHKH
CTaOUTI3yBaJIM B  PO3YMHI  TONYOdy, a IIOTIM
afgcopOyBali Ha TIOBEPXHIO MIOKCHIY IIepifo i
npoxaptroBaiu Ha noBitpi 3a 300 °C st BUIANICHHS
OpraHiYHMX PEYOBHH. BMICT MeTay B KaTayii3aropax y
BCiX BHIIaakax Oyno omHakoBuM i craHoBuB 0,5%.
[lpu owiHIi YacTKM aTOMIB Ha MEBHUX JISTHKaX
HAaHOYACTHHKH BUXOIMIU 3 BiIOMOTO (paKTy, MO JIs
OyIb-SKOTO TBEPJIOTO KPUCTAIIYHOTO TiJia, BIAMIHHOTO
BiJl Ky, KUTBKICTh aTOMIB Ha TpaHi HaHOYACTHHKHU
BiZHOCHTBCA JI0 iforo miamerpy sk d, Ha peGpax sk d
2 a mHa By3Nax KpMcTaliunoi pemitku sk d
ExcriepuMenTanbHi aHi HaWKpalie Y3TOJKYIOThCA 3
CUTYyAI[l€}0, KOJM AaKTUBHUMH I[ICHTPAMH € aTOMH
METaJiB, PO3TAIlIOBaHi B By3Jax KPUCTAIIUHOI PELIITKN
HaHo4yacTHHKH. lle Moxke OyTH TIOB’A3aHO 3 THUM, IO
Taki IEHTPH MAalOTh OUTBII HU3BKY KOOPIWHAINIO B
MOPIBHSIHHI 3 IIEHTPaMH, PO3TAlIOBAHUMH Ha TpaHsIX 1
pebpax. Bim3HauaeTbcs, 1O OTpUMaHi 3aJEKHOCTI
aKTHUBHOCTI He BIumuBae criBBigHomenass CO 1 KUCHIO
B ras3osiit asi.

TakuM 4YMHOM, Yy3arajabHIOYHM JaHi Tpo
BHECOK B  KaTaJliTUYHYy  aKTHBHICTb  IEHTPIB,
pPO3TAIlIOBAHUX HA TPaHMII HAHOYACTUHKUA aKTUBHOIO
METaly 1 HOCisi MOYKHA 3pOOMTU BUCHOBOK, IO JaHUU
eeKT MOKHA PO3IIIAJATH SIK BTOPUHHHNA PO3MIpHUIN
edhext. BiH TpOABIAETHCSA, KONMM MDK aKTHBHUM
KOMITIOHEHTOM 1 HOCIEM CIIOCTEPIraeThCsl CHJIbHA
B3a€EMOJIA, KA caMa 1o co0l TaKk caMo 3aJIEKUTh Bl
pO3Mipy HAHOYACTHHOK. [HIIMM pO3MipHO3aTICKHUM
(hakTopoM, KM BIUIMBAE HA KATATITUYHY aKTUBHICTH
LEHTPIB, JIOKAJ30BaHMX [0 MEPUMETPy HAHO-
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YaCTHHOK, € iX Jokamizamis. Tak camo, siK i Ha TIOBEpPX-
Hi HAHOYACTWHKH, aTOMHU PO3TAlIOBaHi M0 MEPUMETPY

XapaKTepU3YIOThCS OIIbII HU3BKOK KOOPIUHALIEIO 1
TOMY aKTHUBHIIII B KaTami3i.

Puc.7. Maui, cepe/iHi Ta BeTMKI HAHOYACTHHKY TUIATHHHU Ha TIOBEPXHI Al0KCHIy niepito [58].

3a3HaunMo, 10 0COOJUBICTIO (a3 B3aeMOIl
KaTaJIITUYHO aKTHBHOT'O METaly i OKCHJIHOTO HOCIs
MOXXe OYTH TE€HEpPYBaHHS «Tapsdux» eJCKTPOHIB B
eK30TepMiUHIM KaTamiTH4Hii peaknii. Ha mpuxmani
HAaHOYACTHHOK  cpi0iia, HaHEeCEeHWX Ha  HaIliB-
MPOBITHUKOBUI OKCUJIHHI HOCIH, OYyJIO IMOKa3aHo, 10
3aBJISIKU TICPCHECEHHIO TAKUX «Trapsiuux» CICKTPOHIB
BiI MeTaly J0 HAMiBIPOBIMHUKA TOJICTIIYETHCS
ancop0Ouist 1 qecopOrist pearenTis [59].

SlckpaBum npukiagom nposisy epexkry CBMH
€ OKCH/THI Mi/THO-TIepi€Bi KaTai3aTopH, IO BUSABISAIOTH
BHUCOKY KaTaJIITHYHY aKTHUBHICTh B OKHCHO-BIJIHOBHUX
nporecax oxucHeHHS CO, TaMOOKOro OKHCHEHHS
OpraHiYHUX CIIOJIYK, BiJIHOBJIEHHS OKCHiB a3oty [60-
62]. 3a cBOIMH KaTaTITHYHUMH BIACTHBOCTAMH Y

mnporeci  BubipkoBoro okucHenHs CO (PROX -
preferential CO oxidation) okcumHi MigHO-1IEpi€Bi
KaTaji3aTOpy TepeBepIIyIOTh CHCTEMH Ha OCHOBI
OIIaropoHUX METajiB, 32 BHHSATKOM 30JOTOBMICHHX
cucrem [63]. Bucoky akTHBHICTE 1 BHOIPKOBY
CENICKTHBHICTh MiTHO-LIEPiIEBUX KaTai3aTopis
MOB’S3yIOTh 3 TPOSIBOM CHHEPreTUYHOTO edeKTy,
0OYMOBJICHOTO  KOHTAKTOM  aKTUBHHUX  IIEHTPIB:
aktuBanielo CO ma Cu™(m = 1, 2) i HasBHiCTIO
OJIM3BKO PO3TAIIOBAHOTO IEHTPY aKTUBAIl KUCHIO
Ce™(n =3, 4) y cki1aji HECTEXiIOMETPUYHOTO JIOKCHTY
uepito. B pe3ysnbTari B3aeMOJIi1 OKCHIIB Mili 1 LIEPit0 B
Miclli 1X KOHTaKkTy oOOHJBa KOMIIOHEHTH JIETKO
BiJTHOBJTIOIOTHCS T4 OKHUCITIOFOTHCS:

Cu?*- 0% - Ce** > Cu*- Vo — Ce* + O (Vo — kucHesa Bakancis),

3a0e3Mevyylo4d THM CaMHM  BHCOKI  MOKa3HHUKU
(aKTHBHICTB,  CEJCKTHUBHICTh) OKCHJIHUX  MIiJHO-
nepieBux Karamizaropis y PROX-npoueci [60].

KucueBi BakaHcii, sIKi TCHEPYIOTBCS B Pe3yiIb-
TaTli Takoi B3a€MOJii, BHMKOHYIOTb pOJIb IICHTPIB
aKTUBAIlil KHCHIO, MPUCKOPIOIOYHN CTaJlif0 OKHCHEHHS
CO. IlpucyTHICTh Mini B pi3HUX CTaHAX OKUCHEHHS B
MiJb-1IEPIEBUX KaraiizaTopax BUSIBIICHO 3a
JIOTIOMOTOI0 PEHTIE€HO-(POTOCNIEKTPOHHOI CIIEKTPOCKO-
mii [61, 64]. ®opmyBaHHs KOHTaKTHHX 30H Mik CuO i
CeO; minrBepmkeno DRIFTS u XANES meromamu
[65].

Hamu 11 CTBOpEHHS CEJIEKTUBHUX OKCHIHHX
KaramizaTopiB  BuOipkoBoro okucHeHHI CO 'y
Haumky BogHio (PROX) 3anmponoHoBaHo miaxin, mo
MoJIsira€ B 1HTErpyBaHHI HaHO(A3HUX KOMIIOHEHTIB

OKCHJIIB MiJii, LIEPIF0 Ta OKCHJHOTO HOCIsS TEBHUX
PO3MIpiB y NPOCTOPOBO-OPTAHI30BaHy CHUCTEMY, sIKa
3a0e3redye yTBOPEHHS MaKCHMaIbHOI  KITBKOCTI
AKTUBHHUX ILIEHTPIB — 30H MiX(ha3HOT B3a€EMO/II1 OKCHJIIB
mizni 1 mepito [66]. HesanexxHo Bim mpupoam Hocis,
AKTUBHUH IIEHTp KaTajlizaTopa TMOBHHHUHM BKJIIOYATH
0y3pKO po3TamoBani nmeHTpu akruparii CO it KHCHIO,
MII[HO 3B’si3aHi MiX €000l B pe3yNbTaTi CHIILHOI
B3aemogii. Lle 3abe3meuye mepedir wiboBOI peakiii
okucHenHs CO 1 BukIIOYae TOOIYHY pPEaKIIifo
OKHCHEHHSI BOJHIO. BUKOpHCTaHHS HOCIS O3BOJISE
MiJBUIIATH  S(EKTUBHICTh KaTalli3aTopa UIIXOM
crabinizanii IiIOKCHOy LEpil0 y BUCOKOAUCIIEPCHOMY
CTaHi, KHCHEBAa €EMHICTh SIKOTO 30UTBIIyETHCA 31
3MEHIICHHSIM pPO3Mipy HAaHOYACTHHOK, a KpiM TOTO
3HAYHO 3HHU3UTH BapTICTh KaTalizaTopa 3aBIsSKU
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3MEHIICHHIO KIJTBKOCTI JOPOTOBAPTICHOTO JIIOKCHIY
uepiro. JloBeneHo, MmO B 3aJEKHOCTI B XIMIYHOT
MIPUPOJIN HOCISI, aKTHBHICTh HAHECEHHX MiIbBMICHHIX
KaTali3aTopiB B PEaKIlii 3MEHITYEThCSI B HACTYITHOMY
pany: ZrO; > AlO3; > MnO, > TiO; [67]. Tlpu
nociipkeHHl  (Qi3uKo-XiMiYHUMHU  MeronamMu  PDA,
P®EC, XANES 1a EXAFS okcuaHuX MiTHOICPiEBHX
CHUCTEM, HAHECCHHWX Ha OKCHAW THUTaHy, aTIOMIHIIO,
MapraHijfo Ta I[HMPKOHII0 BCTAHOBJICHO, IO OLIBII
BHCOKa aKTHBHICTh Ta BHOIPKOBa CEJIEKTHUBHICTh
karamizatopa CuO/Ce0y/ZrO; obymosiena ¢opmy-
BaHHSM B HBbOMY OUIBIIOI KiJIBKOCTI MiJi B OKHC-
HEHOMY CTaHi, IO CBIYHUThH MPO HASBHICTH 30H MiXK-
(ha3HOi B3aeMoil OKCHIIB Midi Ta IEpit0 — aKTHUBHHUX
nenTpiB PROX-niportecy. IliaBuIIeHHIO KaTaTiTHIHOI
aKTHUBHOCTI Ta BHOIPKOBOI CEJIEKTHBHOCTI KaTa-
J3aTOpiB CHpHse HAasABHICTh KHCHEBHX BaKaHCIH B
CTPYKTYpi IIOKCHIy WEpil0 Ta 3MEHIICHHS po3Mipy
fforo kpuctaiitis [68].

OmauM 3 e(eKTMBHUX HOCIiB, 37aTHUX
cTabUTI3yBaTH BUCOKOIWCIIEPCHUN CTaH MiOKCHIY
LEepio, € ITpiii-cTaOuIi30BaHUil JTIOKCHJ ITUPKOHIIO
(YSZr) [69]. CrpykrypHO-MOpPGhOIOTiYHI 3MiHH, SIKi
BimOyBalOTbCSI B TpOIECi TpoXkaproBaHHA Y SZr,
CIIPABJSIIOTh  ICTOTHUH  BIUTMB HAa  KaTaiTHYHI
BJIACTUBOCTI CHHTE30BaHMX Ha HOro MOBEpXHIi
OKCHIHMX MiTHO-IIepieBuX crcreM [66]. ITokazaHo, mo

CuCeZr-1000

Ha HOCIsIX YSZr 3 MEHIIOK MUTOMOI TOBEPXHEIO Ta
BEJIMKUM PO3MIPOM arjioOMEpOBaHUX HAaHOYACTHHOK
YTBOPIOEThCS ~ OiNbIIAa  KUTBKICTH  30H  MiK(]a3HOi
B3a€EMOIIT OKCHIIB Mifi 1 Iepit0o — aKTUBHUX IIEHTPIB
peakuii PROX (puc. 8, [45]). Hwuseka mnuroma
MOBEPXHSI KaTaji3aTopa CIpHsi€ 3MEHIIEHHIO KITbKOCTI
METaJIYHOI Mifi, sKa KaTali3ye€ PeakIlifo OKWCHEHHS
BOJIHIO. MOYKHA TIPUITYCTHTH, IO BHCOKA aKTUBHICTH
TaKUX CHUCTEM OOyMOBJIEHa TaKoX (OPMYyBaHHSIM
KHCHEBHX MICTKIB Y MIDK3EPEHHHMX TPaHHULAX HOCIA
YSZr (1000°C) — aktuBHEX 1eHTpiB okucHeHHs CO,
MOKa3aHUX Ha puc. 5.

Binpil HAOYHO BIUIMB BEIMYMHU HUTOMOI
IOBEPXHI Ta poO3Mipy HAHOYACTHHOK HOCIS Ha
KatamiTmyHy  aktuBHiCTh 'y  PROX  mpomeci
neMoHcTpye cxema aktuBauii CO Ta BOXHIO Ha
OKCHUIHUX MIiIb-TIEPIH-IINPKOHIEBUX KaTali3aTopax 3
Huzpkoo (CuCeYZr-1000) Ta BHCOKOIO THTOMOIO
noBepxHero (CuCeYZr-300), naBenena Ha puc. 8.
CxeMa 1TIOCTpY€, LI0 HHU3bKa IHUTOMa IOBEPXHI,
0oOyMOBJICHA ~ BHCOKHM  CTyIIEHEM  arjioMmeparii
HAaHOYAaCTHHOK,  3a0e3ledye  IMiIbHE  MOKPHUTTS
HaHO(a3HOTO MIOKCHAY ILepilo, Ha IOBEPXHI SKOTO
(hopMyIOTBCS  KPHUCTANITA  OKCHAY  Mimi  Ta
yTBOpIOtoThcss  akTmBHI 1leHTpH PROX — 30HH
B3a€MO/Ii1 OKCHJIIB MiJli Ta LEPito.

CuCeZr-300

Puc. 8. Cxema axtusariii CO Ta Boamio Ha kKatamizatopax CuCeYZr-300 ta CuCeYZr-1000 [45].

JocnipkeHHs. aKTUBHUX LEHTPIB KaTajli3aTopis,
3aKOHOMipHOCTEH  iX  (opMyBaHHA  TiJ  J€IO
pEaKmiiHOrO  CepelioBUINA  PO3MIISAAETHCS,  AK
MPIOPUTETHE 3aBJIaHHS B Tajy3i KaTamidy, CIpsIMOBaHE
Ha CTBOpPEHHS (DyHIAMEHTALHUX 3acajl IPUTOTYBaHHS
KaTajizaTopiB 3 3aIaHUMHA BITACTHBOCTSIMH.
3a3HauMMO J[Ba OCHOBHHUX IIJXOMU IIOJ0 CTpaTerii
TaKuX JOCHIJUKCHb. TpagulliiiHUil MiIXiJl MOJIATae B
imeHTHdIKamii aKTUBHUX IICHTPIB  MPOMHCIOBUX
KaTalli3aTopiB IUIIXOM OTPUMAaHHS KOPEISIIHHUX
3aJIKHOCTE MK 11X CTPYKTYPHHMHU XapaKTepHC-
THKaMH 1 KaTAIITHYHUMH BIIACTUBOCTSAMH, B TOMY
e, B XOmi Tmepebiry peaxiii «in situ» [70].
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Cxknaanicte igeHTH(]IKaIil aKTUBHUX IEHTPIB Ha
MOBEPXHI peallbHUX KaTaji3aTopiB IPOMHCIOBHX
polieciB 00yMOBJICHA JIBOMA OCHOBHUMHM MPUYHHAMHU:
0araTOKOMIIOHEHTHICTIO ~KaTaJiTUYHUX CUCTEM Ta
IIMPOKUM JTialla30HOM BapiloBaHHS CTPYKTYPHHX 1
TEKCTYPHHUX XapaKTEPHUCTHK KaTaji3aTopiB, omeprka-
HUX TPaJULIHHUMHU METOJaMHU MPOCOUYCHHS HOCIs abo
cmiBocakeHHs [71].

[HIMI iAXig mosrae B JOCIIHKEHHI aKTHBHUX
LIEHTPIB MOJCJIBHUX CHUCTEM, IO SIBJISIOTH COO0I0 Pi3HI
rpaHi MOHOKPHCTaNiB a00 HAHOYACTUHKU aKTHBHHUX
MeTalliB, HAHECEHUX Ha Pi3Hi HOCIi Ta MOHOAWCIIEPCHI
HAHOYACTMHKKM peryiasoBaHoro posmipy [72]. B
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pe3yibpTaTi TakKWX JOCHIIDKEHb MOXHA OTPUMATH
3aJICKHOCTI IIBHAKOCTEH peakmid Bifl CTPYKTYPHHUX
XapaKkTepUCTUK 1 XIMIYHOTO CKJIQy TIOBEpXHI
MOJCITEHOTO 00’€KTy. Pi3HOBHAOM Takoro migxomy €
BUBUYCHHS  KaTaJiTHYHOI  AKTUBHOCTI  OKPEMHX
CTPYKTYpHHX  OJIOKIB  CKJIaJHOIO  KaTalizaTopa.
HemomikoM Takoro migXoAy € HH3bKAa KaTaTiTHYHA
AKTHBHICTh MOJICIIbHUX CHCTEM.

B poborax VY. Xeitug 3 cmiBaBTopamu [73]
MOKa3aHO, IO Yy HAaHOYACTHHKAX 3 IEePEBAKHUM
BMICTOM TOBEPXHEBHX AaTOMIB 30UIBIICHHS PO3MIPY
KJlactepa HaBiThb Ha | aToM, Bele A0 KapJHHAIbHUX
3MiH EJEKTPOHHUX, T€OMETPUYHHUX 1 KaTaTITUIHHX
BIIACTUBOCTEH. Hampukiram, MOCTiIKEeHHS MOICITBHHIX
cuctem Pdi/MgO (1 < n < 30) y peakmii mukmizarii
alleTHJICHY METOJOM TEePMOIPOrpaMOBaHOI peaKilil
(TIIP)  moxasamo, TIO  YTBOPEHHI  OCH30Iy
BiIOYyBA€ThCS y JBOX TEMIIEpATypHUX OOJACTIX 3a
PI3HUMH MEXaHi3MaMH, 3aJIeKHO BiJ KITBKOCTI aTOMiB
y kiacrepi mamaxmiro. 3 manmx TIIP, HaBemeHux Ha
puc. 9, BummBae, mo 3a Temmeparypamu < 300 K
yTBOpeHHsI OEH30Jy CIHOCTEpIracTbcsi HaBiTh Ha
OJIMHUYHOMY aTOMi aJla/Iifo.

CenexkTuBHICTH  KatamizatopiB  Pdy/MgO vy
peaxiii mojiMepu3artii aleTUICHY TaKOX 3aJICKUTh BiJT
KUIBKOCTI aTOMIB y KiacTepi nanazairo. Ha oquHOUHMX
aToMax, a TaKOXX JUMEpPax i TpUMepax IMajafiifo, yTBO-
proeTbesi smiie OEH30J; Ha KiacTepax 3 BEIHKOIO
KUIBKICTIO aTOMiB, OKpiM OeH3omy — mMonekynu CsHe i
CsHg, mo moB’s3aHO 3 OCOOJUBOCTSMH CTPYKTYpH
AKTUBOBAHOTO KomIuiekcy (puc.10).
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Puc.9. Ilpodini TtepmomnporpamMoBaHOi peakuii
[UKITI3aIii alleTHICHY Ha KJlacTepax Mmajafito 3 pisHUM
guciaoM  aromiB.  [loBepxus  mokputtst  MgO
KJIacTepaMy MaJlajlilo CTaHOBUTH 28 % MOHOIIApy Uis

Bcix 3paskiB. OaMH MOHOIIAp BIAIOBiJa€ BETUYMHI
2.25-10" atomis/cm? [73].

Puc. 10. Mogeni ancop6oBaHMX KOMIUIEKCIB OCH301y Ha KilacTepax Mayadifo: a — [IacKUi TPUKYTHHK
Pds](CsHe); 6 — [mmackuii TpukyTtHEK Pds](CsHs); B — [oxTaeap Pds](CsHs) (B) [76].

Tlokaszano, mo He JUIIe KIUIBKICTH aTOMIB
MeTajdy B HaHOKIACTEepi, ajie W po3TamryBaHHs LOTO
KJlacTepa Ha MOBEPXHI HOCIS CYTTEBUM YHHOM BILJIBAE
Ha KaTaJTiTHYHY aKTHUBHICTh. Bys0 BCTaHOBJIEHO, IO
aKTHBHUMHM  LEHTpaMH  akTUBamii  a3oty  —
BH3HAYAIIBHOT cCTajil peakmii CcHUHTE3y amiaky, €
KJIaCTepH, IO CKIAJAIOThCSA i3 CEMH aTOMIB 3aii3a,
pO3TAlIOBaHMX Ha JOCTYIIHUX JJIsl  pearyrouux
monekyn trommHax (111) Tta (211) [74-75].

HIBunkicte o6epriB (TOF) Ha Takux aiunsHkax Oyna y
5-6 pasiB BUIIOK, HDK HAa aroMmax 3aji3a,
po3ramoBanux Ha 1iommHax (110) Ta (210).
3a3HauynMMoO, IO CHIBBIIHOIICHHS TpaHEH Ha MOBEPXHI
KJIACTEpIB 1 HAHOYACTHHOK, a BIJMOBITHO pO3Ta-
IIOBAHHUX TaM aKTUBHUX LICHTPIB, € PO3MIPO3aTICIKHOIO
BETMYMHOIO 1 CTAHOBUTH TMIPEAMET JTOCIIDKEHHS
PO3MIpHHX e()EKTIB y reTepOreHHOMY KaTai3i.
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BuBuenHio 3aJICKHOCTI KaTaliTHIHOL
aKTHBHOCTI PEYOBMH BiA poO3Mipy iX YacTHHOK
MpHUCBsiYEHA  BENMKA  KIJBKICTH ~ MoHOrpadiii i
ornmanoBux crareir [77-78]. OcHOBHMMH BimMiH-
HOCTSIMA HAHOYACTUHOK BiJi MacHUBHHX OO’€KTIB €
BHCOKa  [IOBEPXHEBAa  CHEpris,  KOOpIWHAIlifHA
HEHACHYCHICT, 1 BemWKa anucopOIliiHa €MHICTb,
0OYMOBJICHI  CITIBBITHOIICHHSM HECKOMITICHCOBAHUX
XIMIYHHX 3B’s3KiB  aromiB Ha moBepxHi (Ns) i
3arajbHO1 KinbKocTi atoMiB (N), mpuuoMy yuMm Oinblie
3HayeHHs Ns/N, TUM OiJbIIOI0 MIpOI0 3MiHIOIOTHCS
Takl BJIACTHBOCTI, a TAKOX MOX1AHA BiJ HUX BEIWYHMHA
KatamThuuHoi  aktuBHOocTi  [79]. Ha  migcrasi
pe3yibTaTiB  3aJIEKHOCTI  MUTOMOI  KaTaJiTUIHOI
aKTUBHOCTI BiJl TUCTIEPCHOCTI KaTaizaTopa, M. bymap
BUSIBHB, 1110 MIBUJIKICTh JESKHUX PEaKIliil 3011bIIy€eThCS
y JeKigbpKa pasiB mpu 3MiHi po3mipy wactmnOK [80].
Taxi peakmii Oyin Ha3BaHI «CTPYKTYPHO-UYTIUBUMI»
a peakmii, JUisl SKUX IIBHJKICTh HE 3aJICKUTh BiJ
pO3MIpy — «CTPYKTYpHO-HEeuyTAuBUMEY. [losiBa maHOi
poOOTH CTUMYITIOBaNa JOCTIKCHHS EIIEKTPOHHUX,
CTPYKTYpHHX 1 aICOpOLIMHMX BJIACTHBOCTEH MeTa-
JYHUX KJIACTEPiB y MOPIBHSIHHI 3 BIACTUBOCTSIMH
MacuBHHX MetaniB [81-82]. 3rimmo 10 KiIacHYHHX
YSIBJIEHb po CTPYKTYPHO-UyTJIHNBI peaxiii,
MO3UTUBHUKA 1 HETaTMBHUI pPO3MIpHUH  edekTn
0OYMOBJICHI  pI3HOI0  KATAJIITHYHOIO  aKTHBHICTIO
AKTHBHUX ILIEHTPIB, PO3TAIIOBAHNX Ha TpaHsX, pedpax
1 KyTax KpHUCTalIiyHOi IpaTKu, TOOTO MPOSBOM
reoMeTpu4yHoOro gaxropa [83].

Sk imroctparmito, HaBeIeMO  JaHi  IOJ0
KaTaJITUYHOI aKTHMBHOCTI HAHOYACTUHOK ILJIATUHU
pi3HOi (QopMU. AKTHBHICTP HAHOYACTHHOK IUIATHHH
pizHOT CTPYKTYpH 301IBITY€THCS cuMOaTHO
301IBIIEHHIO YHCIIa TIOBEPXHEBHUX aTOMIB IJIATHHU Ha
rpaHsx 1 KyTax KpUCTaJIiYHOI I'PaTKU MJIATHHH B TaKii
MOCHIIOBHOCTI:  KybOiuyHa  cTpykTypa < chepuyna
CTpYKTypa < TeTparoHaibHa CTpykTypa [84]. V¥
OUIBIIOCTI BUITAJKIB aTOMH METaJliB, PO3TAIllOBaHI Ha
KyTax, pedpax, CXOJIMHKaX KPUCTAJIYHOI IPaTKH, AJIs
SKUX XapakTepHa HU3bKa KOOpAWHAIlS, 3HAYHO
MIePEBEPIIYIOTh 32 KATATITUYHOIO AKTHBHICTIO aTOMHU
METalliB Ha TUIACKUX TpaHsX. 3MEHIICHHS pPO3Mipy
KpHUCTaJla CYIPOBO/KYETHCS 301MBIIEHHIM KiTBKOCTI
aTOMIB Ha HH3BKOKOOPIWHOBAHUX JUISHKAX |1,
BIJIMIOBIJIHO, 3pOCTAHHSIM KaTaJITAYHOT aKTUBHOCTI.

3rizno 3 I'. CoMmopmxaem, HOAIN peakuid Ha
CTPYKTYPHO-YYTIIMBI ~ Ta  CTPYKTYpPHO-HEUYTJIHBI
00yMOBJICHHI BiIMIHHOCTSIMU B IIBHJIKOCTI CTaJil, sika
BU3HAYAE CTPYKTYPHY MepeOy10BY OBEPXHI B MOMEHT
ajcopOIii 1 KaramiTHYHOI cTafii, B TpoIleci sKoi
BiOyBAa€THCSI YTBOPEHHsS HOBUX 3B’s3KiB [85]. Jlms
CTPYKTYpHO-HEUYTJIMBUX pEaKIliii MBUAKICTH anacopo-
il 3HAYHO BUIIA 3a IIBUAKICTH KaTaJiTUYHOI cTamii. B
NEeSTKUX BUTAIKAX, B 3aJIEKHOCTI Bl IHIAEKCY TpaHi,
AKTUBHICTH MOXE 3MIHIOBATHCS B JIGKUIbKAa pas3iB.
Hanpuknan, mnpu JIOCHIDKEHHI OKpEeMHUX TpaHei
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MOHOKDPHUCTAJIB OyJIO BHUSBJICHO, WLIO CTYIiHYACTa
MOBEPXHsI TUIATHHM B JICKUIbKA pa3iB aKkTHBHIIIA 32
I7IaJICHbKY 1O BiAHOLICHHIO 10 peakuiii BOAHEBO-
nehTepieBoro OOMIHY 1 KOHBepCii BYTJICBOJHIB;
LIBUIKICTh CHHTE3y amMiaky Ha JACKiJibKa MOpPSIIKiB
BHIIA Ha OB BIAKPUTHUX 1 JIOCTYIHHX IS pEarcHTIiB
rparsix (111) 1 (211) kpucTamigHOi TpaTKu 3aji3a HiX
Ha rpasi (110) [86-87].

HaneceHi OiMeTalliuHi CUCTEMH CKIIAJA0Th OJIHY
3 HaWBaXIMBIIIMX TIPyN KaTami3aTopiB  OKHCHO-
BiHOBMIOBabHUX peaknid [88]. CuHepreTuuHmii
e(eKT, MO CIOCTepiraeThcs NPU BBEACHHI APYroro
MeTaqy abo MOoro OKCHAy Ta BHABISETHCS B
MiABUILICHH] KaTaJITUYHOI aKTMBHOCTI OiMeTalliuHOro
KarajizaTopa MoXxe OyTH OOYMOBIEHHH IeKiTbKOMa
NpUYMHAMH: OIJIBII CHIJIBHOIO B3A€EMOJIEI0 IPYroro
MeTany 3 HocieM [89], 3MiHOIO TOJOKEHHS PIiBHS
@®epmi  [90], CTBOpeHHAM TIEBHOI  CTPYKTypH
aktuBHOrO LeHTpy [91]. Tak Hanpuknan, B podori [92]
s peakuii meranyBaHHs COz Oyna 3ampornoHOBaHa
MOJIEJIb aKTUBHOTO LIEHTPY, fKa CKJIaJa€ThCsl 3 ABOX
aromiB Fe i cemm aromiB Co. Ha nymky aBTOpiB
JIMITYIOUOI0 CTaJIi€l0 peakilii € pekomOiHaii mole-
kymu HoO morssxom B3aemogii moBepxueBux OH rpyn B
ckiani FeOOH Ta BomHIO Ha TOBEPXHI KaTaiizaTopa.

Bnaue nopucmoi cmpykmypu kamanizamopie na
00CMynHicmMb AKMUSHUX YEeHMPIB.

BaxmmBy pomp y TposiBI  KaTaTiTHYHUX
BJIACTMBOCTEH  BIirpae  JIOCTYIHICTh  aKTUBHHUX
LEHTpPiB Uil peareHriB, sika  0OyMOBIICHA
IIPOCTOPOBOIO CTPYKTYPOIO HAHOMATEpialliB, TaK 3BaHa
3D-apxitektypa [93]. TlpukiaagoM €  IEOJITH,
Metanoopradiuni cnoiayku (MOF), me3ocTpykTypHi
OKCHIM, B SIKHX AaKTHUBHI IIGHTPU PO3TALIOBYIOTHCS
BCepenuHi mopokHuHH KaHauiB  [94-96]. Poswmip
KaHAJIB y 1€0JITax € 00OMEKyBaJIbHUM Oap’epom Jyist
MPOHMKHEHHsI B TMOPY MOJIEKYJ PEarcHTIB JHMIIe
MeBHOTO po3Mipy abo ¢dopmu. Taka 3aexKHICTH
orpumaiia Ha3By «shape selectivity» (CEICKTUBHICTb 3a
¢dopmoro) 1 € edeKTUBHHM iHCTPYMEHTOM MpH
CTBOPEHHI MPOCTOPOBOI CTPYKTYpH Kartaiizaropa [97-
98]. HeoOximHo BpaxoByBaTH, IO sBHUINEe «shape
selectivity» He MOXHa OOMEXKYyBaTH JIMIIE paMKaMH
reoMeTpudHOro (hakropa. Bimomwuii minxia, mpu sskomy
LIEOJTITH 1 ME30TIOPHCTI CTPYKTYPH, PO3MIPH TTOP SKHX
CHIBpO3MIpHI 3 pO3MIpaMH pearyiouux MOJEKYII,
pO3ISIIAOTBCS  sIK TBepai  po3umHHUKH  [99].
EnextpocraTuHa B3a€MOAIsl PEarcHTIB 3 IOBEPXHEIO
LeoJiTy mojiOHa 10 edeKTy CcojbBaTallii, a 3HAYUTh
CTaH pearyrovoi MOJICKYJH B MiKpPOIOpPi BiJpi3HAETHCS
Bill craHy B ra3oBiii (a3i, 1m0 BigOWBAaETHCS Ha
TEPMOIMHAMIII CHCTEMH, Tporiecax qudy3ii i KiIHeTHII
peaxiiii.

[HIM# BaXkTMBHUI acHeKT — YMOPSIKOBaHICTh
nopucToi CTPYKTypH KaTaiizaropa. s npoctux
peakmiid, Takux sik okucHeHHs CO Ha kaTamizaTopax
Ha OCHOBi HAHOPO3MIPHOTO 30J10Ta, MIBUAKICTh PEaKii
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0e3rmocepeIHbO TMOB’si3aHA 3 KIUIBKICTIO aKTHBHUX
LHEHTpPIB Ta iX  JOCTYNHICTIO, TOMY  BHCOKY
e(EKTUBHICTH Y IbOMY MPOIIEC] BUSABISIOTH HOCIT THITY
aeporemiB 3 posBuHeHOIO TmoBepxHero [100]. s
OUThII  CKJIAJHUX  TMPOMHUCIOBUX  KaTaTITUIHUX
nporeciB (pakTop CENEKTUBHOCTI € OLIbLI 3HAYYIIUM,
HIK AKTHBHICTh KaTasizaTopa. CenekTuBHI
KaTali3aTopy XapaKTePU3YIOThCS HASBHICTIO TIEBHOTO
TUIy aKTHBHUX LEHTPIB. 31 301IbIICHHSM MTOBEPXHi, SIK
MPaBUIIO, KIJIBbKICTh Je(EeKTiB 3pocTae, a 3HAYUTh,
aKTUBHI TICHTPU CTAIOTh MEHII OJHOPIAHUMH, IO
HEraTUBHO MO3HAYaeThCs Ha 1X cenexTuBHOCTI [101].
Bupimennsm npoOnemu Moxe OyTH CTBOpPEHHS
NEPIOJUYHUX HAHOCTPYKTYPHHX CHCTEM, Yy SKUX
BHCOKa IHTOMA IOBEPXHS MOEJHYETHCS 3 IEBHOIO
JIOKAJbHOIO  CTPYKTYpPOIO  aKTHBHOTO  LEHTPY.
[IpuknagoM TakuX CHCTEM € CEIIEKTHBHI KaTali3aTOpH
HOBOTO TIOKOJIHHS JJIs TIpoIeciB HadTomepepoOKu
[102].

B ynopsakoBaHMX ~ ME30MOPUCTUX  HAHO-
CHUCTEMaX MOXYTb TPOSABIATHCS e(EeKTH, sKi He
BUSIBJIIIOTBCSL 'y Marepiajax, IO SBISIOTH COOOI0
aHcamM0Ji  HAHOYACTMHOK,  BHUMAJKOBHM  YHHOM
ITOB’sI3aHUX MDK c00010. Tak, HAHOYACTUHKH OKCHIY
3amiza FeOs, sKi 3HaXOAATHCS BCEPEIMHI BYTIICLIEBUX
HaHOTPYOOK, BiJTHOBITIOIOTHCS JIeriie, HIX
pO3TaIoBaHi Ha 30BHINIHIA CTOPOHI HAHOTPYOKH, IO
MO3UTUBHUM YMHOM [TO3HAYAETHCS Ha X KaTATITHIHUX
BraactuBocTsx [103]. Buxin Cs-ByrieBoHiB y mporieci
dimepa-Tponma Ha HAHOYACTHHKAX OKCUAY 3ai3a,
cTallTi30BaHUX BCEpENWHI BYIJIEIIEBUX HAHOTPYOOK,
BJIBIYl BUINMH, HDK Ha TOBEPXHI HAHOTPYOOK, Ta Y
LICTh pa3iB BUILMH, HDK Ha aKTUBOBAHOMY BYT1UI
[104]. Takum umHOM, KpiM  IHAMBIIyaTbHHX
BIIACTHBOCTEH 130JIbOBAaHUX HAHOPO3MIPHUX YACTHHOK,
HOBHX SKOCTEH Ha0yBalOThb CHUCTEMH, SIKi BUHHKAIOTh
npu o0’eiAHaHHI iX y HaHOCTPYKTypu abo mpu
BKJIIOYEHHI y TOpHCTI MaTpuii. B pesymprati Takoi
B3a€MOJIIT POPMYETHCS TIOPUCTA CTPYKTYpa MaTepiany.
Po3mip, ¢opma 1 nokamizaiiss mop € BaxIJIMBUMHU
(akxTopamu, 1110 3a0€311eUyI0Th JOCTYITHICTh aKTUBHUX
LIEHTPIB JUIsI PEareHTiB a TAaK0XK MOKPAITyIOTh MPOIIECH
Maco- 1 TEIJIONEPEHOCY.

Jlokamizalliss HAaHOYaCTUHOK aKTHBHHX METaJiB
Ha pI3HUX [UISTHKAX TMOBEPXHI MOPUCTOTO HOCIA
BiJIKpHUBaE MOJKJIMBOCTI IS CTBOpEHHS
BHUCOKOCEJICKTMBHUX TBEpAo(a3HUX Karami3aTopiB 3
MPOCTOpPOBO  posnineHnMu  (yHkuismu. [Ipuknagom
MPaKTUIHOL peauizarii TaKUX MiAXO01B €
HAaHOKOMITO3UTHI KaTami3aTopu IJisi OKHCIIOBAJIBHOI
KOHBepcii MeTaHy Ha OCHOBI OKCHIIB IE€pPeXiTHUX
MeTaJiB, OKCHIIB AJTIOMIHIIO, IUPKOHIO Ta PiIKiCHO-
3eMeIbHUX OKCHIiB MeTaniB [105].

Bnaue cmpyxmypu axmuenoco yewmpy Ha
HANPSAMOK KAmMaiimuiHo20 nepemeopeHHs

OnTumanbHa CTPYKTypa KarajizaTopa
nepexpbavae  Take  [POCTOPOBE  pO3TalIlyBaHHS

KOMITOHEHTIB KaTallizaTopa, ske 3a0e3neuye HasBHICTh
Ha HOro MOBEpXHI MaKCUMAalbHO MOYIIMBOI KiJIbKOCTI
AKTUBHUX IIEHTPIB, 1X JOCTYINHICTh IS PEarcHTIB,
IIBUIKE BUBEACHHS TPOAYKTIB 13 30HU PEAKIIii,
CTablIbHYy  aKTHBHICTH B  poOOYOMy  Jiama3oHi
TEeMIepaTyp 1 KOHUEHTpauii peareHTtiB. OCHOBHUM
YUHHUKOM, 110  BH3HAYa€  CEJIEKTUBHICTH il
KaTali3aTopiB y HAMPSIMKY TJIHOOKOTO, CEJICKTHBHOTO
Ta BUOIPKOBOTO NMEPETBOPEHHS € CTPYKTYPa aKTHBHOTO
LIEHTPY, SKa XapaKTePU3ye€ThCs TEBHUMH O3HAKaMU
JUTST KOXKHOTO THITy PEakiliid, He3aJIeKHO BiJ XIMITHOI
IpUPOIU KOMITOHEHTIB KaTasizaTopa. Hns
karanizatopiB okucHeHHs CO 1 BOJHIO, TJIIHOOKOTO
okucHeHHs 10 CO; BYTJIEBOAHIB Ta KHCEHB-BMICHHX
OpPTaHIYHUX PEYOBHH AKTUBHUMH IICHTPAMH € aTOMH,
KHCHEBI BakaHCii Ta ne(eKTH CTPyKTypd METalliB Ta
okcumiB mepexiguux meramis [10, 106-108]. Merai-
OKCHUJHI HAaHOKOMITO3UTHI CHCTEMH MAalOTh HHU3KY
MMOTEHIINHUX  BJIACTUBOCTEH, BOHM  JIO3BOJISIOThH
po3pobuTH Ha iX OCHOBI  Karaji3aTopu Ul
TETEPOTCHHUX TIPOIECIB TJIIMOOKOTO TIEPETBOPEHHS
peuoBuH. Jl0o TakMX BIACTHBOCTEH, OKPIM OKHCHO-
BIIHOBHHX 1 KHCJIOTHO-OCHOBHHUX, BIJIHOCHTBHCS
MOXIIMBICTB 1X ICHYBAaHHS Yy HEKUTBKOX CTPYKTYPHHX
Moan(ikamisix, 3AaTHICTh 3MIHIOBAaTH CTPYKTYpPY i
niero  MoauQikyrouux J00aBOK Ta  YTBOPIOBATH
0araTOKOMIIOHCHTHI KPHCTATIYHI OKCHIHI CHCTEMH,
Taki SIK MEepOBCKUTH W mmiHeni. [lepcriekTnBHUMEU €
ME30IOPUCTI OKCHJIHI CHUCTEMH 3 PEryJbOBaHOI
MEPEKEIO KaHAIIB.

CTBOpeHHsI KaTalli3aTopiB 3 130JbOBaHHUMHU
AKTUBHUMH LIEHTPAMH, 30KpeMa, aTOMapHO-AUCIIEPCHI
HAHECCHI CHCTEMH Ha OCHOBI OJIarOpOJHUX METAlIiB,
BiIKpUBae MOXJIHMBOCTI st jocsrHeHHs 100%-HOi
CEJIEKTUBHOCTI Ta BHCOKOI MPOAYKTUBHOCTI
KataniTiuyHuX TpoueciB. [lokazaHo, mo kaTamizaTop
Pt1/CeO; 3 i30;1b0BaHUM aTOMOM IUIATHHH Ha MOBEPXHI
miokcuny nepito B 40 pa3 epexTHBHIMMKA B TpoIeci
OTPUMaHHA BOJHIO 3 METaHONy, B TOPIBHSHHI 3
KaTaJli3aTopoM, IO MICTUTh HAHOYACTUHKHU TUIATHHU
posmipom 2,5 HM i B 800 pa3 edeKTHBHIIIHA
KaTajgizatopa 3 PO3MipOM HAHOYACTHHOK IUIATHHH 7
um [109]. 3asHaummo, 10 CHIILHA B3AEMOJIS MIX
i30JIbOBAaHUM aTOMOM Ta HOCieM 3abe3redye BHCOKY
TEPMOCTIHKICTh TAKHX CHCTEM.

ereporenHo-karaniTiuHe BHOIPKOBE  OKHC-
nenns CO (preferential CO oxidation —PROX) €
MIPHUKJIAJIOM IIPOLIECY B IKOMY OJIMH 3 PEareHTiB, B pasi
PROX «kwucenb, Oepe ydacTb OUTbII HIX B OIHIN
peaxuii.: HO + %2 O, = H2O 1 CO + %2 Oz = COa. st
3a0e3nedyeHHs mepediry IiIboBOi peakiii OKUCHEHHS
CO i1 BukITIOYEHHS TOOIYHOI peakIii OKUCHEHHS
BOJHIO KPUTHYHO B&XKJIHMBHM € CTBOPEHHS IEBHOI
CTPYKTYpPH aKTHBHOTO IIEHTPY. AKTUBHUH IICHTp
KaTajizaTopa TTOBUHEH BKJTFOYATH OJTM3BKO
po3tamoBani neHTpu aktupaiii CO # KHCHIO, MII[HO
3B’s13aH1 MK cO0O0I0 B pe3ysbTaTi CHJIBHOI B3a€MOII,
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T00TO TIposiBy epexty CBMH. Y MacuBHUX OKCHIHUX
MIJTHOLIEPIEBUX CHUCTEMaX TaKi aKTHBHI IICHTPU €
30HaMH Mik(a3HOi B3a€MO/IiT OKCHIIB Mifi i 1epiro, B
SIKUX CcTaOumizamiss Mimi B OKHCHCHOMY CTaHi Ta
aKyMYJIFOBAaHHS KUCHIO 3 Ta30B0Oi (pa3u 3a0e31meuyeThest
3a paxyHOK pyxoMoi piHoBaru Cu’~0* Ce** «» Cu'~
Vo-Ce* + O. BuxopucraHHs HoCis JI03BOJSE
MIIBUITATH  €(DEeKTUBHICT KaTaiizaTopa MUIIXOM
cTalimi3aii JiOKCHAY IEpi0 y BUCOKOIUCIICPCHOMY
CTaHi, KHCHEBa €MHICTb SKOro 30iMbLIyeThCS 31
3MEHIICHHSAM pO3Mipy HAaHOYACTHHOK, a KpiM TOTO
3HAYHO 3HU3UTH BapTIiCTh KaTalmizaTopa 3aBIsSKd
3MEHIICHHIO KIIBKOCTI JOPOTOBAPTICHOTO JIiOKCHIY
epito.

Ilepebir peakmiii y 3agaHoOMy HaNpPSMKY
3a0e3mneuyeThbess cTalini3amiel0 akTUBHOTO LEHTPY B
YMOBaxX BHCOKHX TEMIIepaTyp €K30TePMIUHUX PeaKIlii
MIHOOKOTO  OKWCHEHHS  OpPTaHIYHMX CIOJIYK Ta
BIJTHOBJIFOBAJIbHOI'O cepe/IoBHUIIa (BubipKOBE
okucHeHnHss CO). lle mocsraeTbcs BKIIOYSHHSAM JI0
CKIIaAy KaTali3aTopiB MOOABOK, IO ITiIBHIYIOTH iX
TEPMIYHY CTIMKICTh Ta CHPHUSIOTH 30€epeKEeHHIO
CTPYKTYPH aKTHBHOTO IIEHTPa B YMOBaX peakKiliil.

Excnepumenmanvni memoou 00cniodncenus

CMPYKmMypu aKmueHUX yeHmpie Kamaizamopie
Imentudikaris Ta JOCHIIHKCHHS aKTUBHUX
IIEHTPIB Karajizatopa € KIIOYOBUM MOMEHTOM ISt
PO3YyMiHHSI MexaHi3My Kataiitnunoi nii. Lle motpedye
HAsSBHOCTI Cy4aCHUX METO/IIB JOCIIKCHHS MaTepialliB
Ha aTOMHO-MOJIEKYJISIPHOMY piBHI, Y TOMY YHCII, TTiJ
Jac npoBeaeHHs kataniTudHoi peakiii [110]. Meroan
XapakTepu3alii MOBepXHi, Taki sK AUpPaKLisa
enektpoHiB Hu3bKoi eHeprii (LEED), peHrtreniBchka
¢dotoenexktpornna  cmuektpockomis  (XPS),  Oxe
enexktponHa cnekrpockomiss (AES), cunoBa aromua
Mmikpockomiss (AFM), ckaHyioda TyHenbHa MiKpO-
ckomist (STM) 1n0O3BOMNAIOTH Oe€3MOocepesHhO Xapakx-
TEepU3yBaTH TIOBEPXHIO Karaiizaropa 3 poO3Tallo-

BaHMMH Ha Hill aKTUBHUMH LIEHTPaMH.

Kpim pocumikeHHsT TOBEpXHEBHUX TTapaMeTpiB,
peTenbHa  XapakTepH3allis — 3aralbHOi  CTPYKTYpH
KaTajlizaTopa HE MEHII BaKJIMBa JJS BHBYCHHS
aKTHMBHUX LIEHTPIB, BpaxoBylO4YM TOH (akT, w10
JIOKaJbHE OTOYEHHS Ta  KPUCTAJIIYHA  pelIiTKa
BIUIMBAaIOTh HAa CTaH aKTUBHOTO UeHTpy. Jlusa
JOCIIDKEHHST 00 €MHOT  CTPYKTYypH — KaTalizaTopa
JOCTyIIHA BeNIMKa KUIBKICTh METOIB, TaKuX SK
pentreniBcbka audpakmis (XRD), Raman Tta iHdpa-
yepBoHa crnekTpockomist (1Y), ynbTpadionerosa
cunekrpockomis  (UV-VIS), ckanyioua enexkTpoHHa
MIKPOCKOITiS/TpaHCMICIfHAa E€JIeKTPOHHA MIKPOCKOTIIis
(SEM/TEM), TEM 3 BHCOKOIO PO3LILHOIO 3/IaTHICTIO
(HRTEM), ToHKa CTPYKTypa peHTI€HIBCHKUX CIIEKTPIB
mormuHanHs (EXAFS), a Takox peHTTeHiBChKa
CHEKTPOCKOIS MOOIN3Y CTPYKTYPH Kparo MOTJIMHAHHS

(XANES) [111].
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EdexTuBHUM ~ JIONOMDKHHUM — METOJIOM  JIO
CTBOPEHHSI KaTali3aTopiB 3 3aJaHOl0 CTPYKTYPOIO
AKTHUBHOT'O LIEHTPY € KOMII'IOTEpHE MOJCITIOBAHHS Ta
KOMIT'ToTepHi#t ckpuminr [112]. 3i 306imbImeHHsIM
00CsTy KOMIT'IOTEpPHHX PECYpCiB 1 pPO3pOOKOI0 OibII
TOYHMX  METOAIB 1  e(EeKTUBHMX  aJrOpUTMIB
KOMIT FOTepHA XiMisl Biirpae Bce OUTBIT aKTUBHY POJTb
B KOHCTPYIOBaHHI KaTaJsli3aTopiB. 30KpeMa, MUIIXOM
MO€AHAHHS. KOMIT FOTEPHOTO MOJICNIOBAHHS 3 EeKCIe-
PUMEHTaTbHUMH METOAAMH IIBHJIKOTO CKPUHIHTY
KaTaji3aTopiB MOXKHa 3HA4YHO CKOPOTHUTH  dac
MOLTYKOBUX JOCHIPKeHb. TakuM YHHOM, KOMILICKCHE
BUKOPUCTAHHSI HOBHX EKCIIEPUMEHTAIbHUX METONIB 1
KOMIT'FOTEpPHOTO MOJIEJIIOBAHHS € MOTYXHHMM 1HCTpY-
MEHTOM JUISI JOCHIDKeHHS 1 pO3yMiHHA (YHKIIi-
IOBaHHsI aKTUBHUX LIEHTPIB Ha MOJIEKYJIIPHOMY PiBHi.

3aknouenns

[MpoBenennii aHayi3 ysBIEHb NP0 aKTHBHUHI
LEHTp, SK KIIOYOBUH €IIeMEHT Karaji3aTopa, IIo
3a0e3medye  aKTHBAIIIO PEreHTiB 1  3aiHCHEHHS
KaTaJiTUYHOI PeaKilii y 3aJaHOMY HaIpPSIMKY MOKa3ye,
HACKUIBKU CKJIAJHOI0 1 PI3HOMaHITHOIO MOXke OyTu
Woro crtpykrypa. Ha#mpocTimmM THIIOM aKTHBHOTO
LIEHTPY € KOOPIWHAIIHHO-HEHACHYCHI aTOMH TTOBEPXHI
TBepaoro Tina. KaramiTuuHi BIaCTUBOCTI OKCHIIB Ta
cynbGifiB BHU3HAYAIOTHCA HASBHICTIO y  aTOMIB
TIePEXiTHAX METAJiB JNEKUTHKOX CTYIIECHIB OKHCHEHHS,
IO TOJIETHIYE TICPEHECEHHsI SJIEKTPOHA BiJl aToMa [0
peareHTa B mpoteci Horo akrtuarii. CiiJi 3a3HAYUTH,
o0 BaXJIMBUMH YWHHHKAMH, SIKi BH3HAYaIOTh
KaTaJliTHYHY aKTHBHICTh 1 CEJIEKTUBHICTH METaJiB Ta
OKCHJIIB, € KOOpIWHAISA MeTaly, KpHCTaliuyHa
CTPYKTYpa, a TAKOXK JIOKAJIbHE OTOYEeHHS. J[0 aKTHBHHX
IIEHTPIB OKCHIHUX KaTali3aTOPiB BIAHOCATHCS TaKOXK
KHCHEBI BaKaHCIl, ki BUHUKAIOTh BHACIIJIOK JCPEKTIB
B CTPYKTypi a00 HasBHOCTI JIOMIIIOK. AKTHBHI
LEHTPH, PO3TAllOBaHI Ha TPAHUIAX PO3TUICHHS
KPHUCTANITiB,  SBISIOTH  COOOI0  TPAHMIIO  MiX
OJHOPITHUMU HAHOKPHCTAIITAMH B arjoMepOBaHUX
cucreMax, abo TpaHUII0 MK (da3aMu Pi3HOI XiMIYHOT
npupoau. B okcugHHX cuctemax  (OpMyBaHHS
MDK3EpEHHUX TPaHMIb TMOJIETHIYE MIrpamilo KUCHIO B
00’eMi KaTaiizaTopa i miBHUIILYyE HOTO aKTUBHICTb.

OcHOBHa cTparterisi JOCHIPKeHb B  Taiys3i
CTBOPCHHSI YAOCKOHAJICHUX KaTalli3aTOPiB CIIPSIMOBaHa
Ha pO3pOOJICHHS METO/AIB CHHTE3y KaTaliTHYHUX
MaTepiaiiB, y SKHX 3a0€3MeuyeThCsi SK YTBOPEHHS
MaKCUMAaJIbHOT KUIBKOCTI aKTHBHUX IICHTPIB, TakK IX
JOCTYIHICTh Ul PEareHTiB 1 MOAaJbIIe CEeCKTHUBHE
MEPEeTBOPEHHS B HITHOBI MpoayKTH. KoHCTpyroBaHHS
TaKAX CHCTEM € KOMIUIEKCHUM 3aBJIaHHSIM, SKe

IPYHTYETBCSI ~ HAa  BCTAaHOBJICHHI  KOpPEISIIHHUX
3aJIOKHOCTEH MK  CKJIaJOM,  CTPYKTYpor i
PO3MIpHUMU XapaKTEePUCTHKAMHU KaTali THIHUX

MatepianiB. PO3BHTOK HAHOTEXHOJIOTIH 1 CTBOPEHHS
HOBHX (YHKUIOHAIPHMX MarepiajiB Ha OCHOBI
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BYTUICIIIO, PO3IIMPIOE CHPOBUHHY 0a3y KaTali3aTopiB i
MOTEHIIHHI MOMJIMBOCTI Ui PO3POOJICHHS HOBOTO

MTOKOJIIHHS KaTai3aTopiB i3 MOKpPAICHUMHA
BIIACTHBOCTSIMH.
3aBOsKM  ycmixaM ~— Cy4acHOro — marepiajo-

3HABCTBA, KOJIO HAaHOMATEpiamiB, NPUAATHUX JUIS
KaTamizy, TIOCTIHHO  pO3IIUPIOETHCSI, a  OTXKE
30UTBIITYIOTBCS.  MOKJIMBOCTI  IIJIT  BIAOCKOHAJICHHS
(YHKLIOHANBHUX  BIACTUBOCTEH  Karami3aTropiB i
CTBOPEHHS Ha 1X OCHOBI NPHHLUMIIOBO HOBHUX
KaTadITUYHAX TEXHOJIOTH. BiIXWIeHHS BIaCTUBOCTEN
HaHOAMCIIEPCHUX  MartepiaiiB  Big iX MacHBHHUX
AHAJIOTIB € TPUYUHOI0 TPOSBY PO3MIPHUX E(EKTIB.
binmpm Toro, B psAmi BUIMAIKIB I HAHOYACTHHOK
MOXYTh 3’SBJISTHCS HOBI BIIACTUBOCTI, SKi HE
XapakTepHi AJs1 KPYMHOAUCIEPCHUX CHCTEM, 30Kpema,
HEMOHOTOHHA 3aJIeKHICTh AaKTHBHOCTI KaTajli3aTopiB
mpu  3MiHI po3Mipy B HaHojiamo3oHi. BapTto
3a3HAYUTH, 1[I0 YAaCTHHKH HACTIJIBKK  BHCOKOi
JUCTIEPCHOCTI HECTIHKi, JIETKO PEKPUCTATIZYIOThCS 1
TOMy TIpoOiieMa iX cTabimizarii € He MEHII BaKJINBOIO,
HDK oTpumanHs. OJuH 13 MOXJIHMBHX BapiaHTiB
cTaliii3allii HAHOYaCTHUHOK — BKIIFOYCHHS 1X Yy MTOPHUCTI
MaTpHIli, 03BOJSIE HE TUIBKH cTabimizyBatd i
peryiioBaTd po3Mip YAcTHHOK, aje W KepoBaHO
BIUIMBATH Ha IUQY3iiHI MpOIecH, IO BiAOYBalOThCS Y
peakmiitHOMy cepenoBuii. [lopiBHSIHHS HaHO(DAa3HUX
KaTaji3aTopiB 3 NMPOMHCIOBUMH aHAJIOTaMHU MOKAa3ye,
1[0 HOBI CHUCTEMHU BIJIPI3HSIOTHCS OUIBII CKJIAJHOIO
OpraHizami€l0 —  KOHTPOJBOBAHOIO  CTPYKTYPOIO
AKTUBHUX IICHTPIB BXKE€ HAa MOJEKYJISIPHOMY piBHIi, a
TAKOK YMOPSAKOBAHOIO HAHOAPXITEKTYPOIO MOPUCTOL
CHCTEMH.

st CTBOpEHHSI BHUCOKOTEXHOJIOTIYHUX KaTalli-
3aTOpPiB  HOBOTO TIOKOJIIHHSI MEPCHEKTHBHUMH €
MIJIXO/M 1 METOJU CYYacHOTO Marepiaio3HABCTBA, SIKI
PO3MIISAAIOTh MaTepiau sIK CUCTEMY, IO CKJIATA€THCS
13 JEKINbKOX CTPYKTYpHHX pIiBHIB: Makpo-, MiKpo-,
HaHO- Ta MoJiekysipHuid [113]. Coig migkpecauty, mo
Taka  iepapxisi  BiacTHBa  OUIBLIOCTI  TBEPAUX
MarepiaiiB, ane s (QyHKIIOHAIFHUX BIaCTUBOCTEH
KaTaTITHYHUX CHUCTEM HAHOPIBEHb Ma€ BU3HAYAIHHY
ponb. Jpyruil iHHOBamiHUM MiAXiA A0 CTBOPEHHS
BHUCOKOCEJICKTUBHUX 1 IPOAYKTUBHUX KaTaJli3aToOPiB Ta
HOBUX  KATATMITHYHHUX  TEXHOJOTIM  Tmojsrae B
IHTErpyBaHHI METOJIB TI'€TEPOT€HHOI0, TOMOT'CHHOTO
Ta (EepMEHTATHBHOIO KaTallizy Ta po3poOkHM Ha ix
OCHOBI ~ CHUCTEM 3  130JIbOBAHHUMM  AKTUBHHUMHU
LEeHTpaMu ab0 B CKJaJl HAHOKJIACTEPIB 1HKOPIIO-
POBaHHUX B METAJIOOpraHiuHi criosyku [114].
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Active centers of redox catalysts

G.R. Kosmambetova

L. V. Pisarzhevskii Institute of physical chemistry of the National Academy of Sciences of Ukraine
03028 Kyiv-28, Nauki av., 31 email: kosmambetova@ukr.net

The development of representations about the active site structure of solid-phase catalysts, ranging from the
work of H. Taylor to a modern understanding of the complex and multi-level structure of catalytic systems, is
considered. The main types of active centers of catalysts for redox processes of deep, selective, and preferential
conversion are analyzed. It is shown that for each type of reaction, regardless of the chemical nature of the catalyst
components, the structure of the active center is characterized by certain common features and determines the
direction of conversion. Particular attention is paid to the structure of active sites formed by the type of an isolated
active center ("Single Site Isolation"), which allows achieving high selectivity of catalytic processes in the direction
of target products obtaining and implementation of new reactions. In particular, the reaction of methane oxidative
carbonylation to acetic acid was first carried out in a gas phase using molecular oxygen as an oxidant and catalysts
whose active centers were presented by isolated Rh3+ ions in the composition of rhodium selenochloride. A separate
type of active center is presented by atoms located on the grain boundaries of crystallites, which arise as a result of
interfacing interaction between catalyst components: support, active component, modificator, as well as grain
boundaries between homogeneous nanocrystallites in agglomerated systems. It is shown that an important role in the
manifestation of catalytic properties plays the availability of an active center for reagents, caused by the spatial
structure of catalysts. Zeolites, organometallic compounds (MOF), mesostructural oxides in which active centers are
located inside the cavity channels are examples of such catalytic systems. The main strategy of research in the field
of advanced catalysts is aimed at developing methods for the synthesis of catalytic materials, which provide
formation as the maximum number of active centers, so their availability for reagents and subsequent conversion to
target products. Designing such systems is a complex task, based on establishing a correlation between composition,
structure, and size characteristics of catalytic materials.

Keywords: heterogeneous catalysis, catalysts, active sites, redox processes
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Alkaline synthesis of fatty acids iso-propyl esters

S.0. Zubenko*, S.V. Konovalov, B.A. Denysiuk, L.K. Patrylak

V.P. Kukhar Institute of Bioorganic Chemistry and Petrochemistry of the National Academy of Sciences of Ukraine
1, Murmanska str., 02660 Kyiv, Ukraine., e-mail: S.0.Zubenko@ukr.net

Fatty acid alkyl esters are widely used products. Most of them are used as renewable transport fuel named
“biodiesel”. Production of fatty acid iso-propyl esters mainly based on acid process but using of alkaline catalysts
may give good yields also. Alkaline catalysts have some advantageous such as low corrosivity and higher reaction
rate. In current work the effectivity of potassium hydroxide and treated potassium hydroxide solution as catalyst for
transesterification was compared. It was shown that using of KOH solution in iso-propyl alcohol after special
treatment gives almost twice higher yields (95-96 %) from refined sunflower oil triglycerides than over KOH under
the same conditions. Yield of fatty acids iso-propyl esters from wasted frying oil stabilized after 1-1.5 hours of
reaction over both catalysts. Using 1.8 and 2.0 % treated catalyst at 90 °C leads to yield of about 86-88 % at 9:1
alcohol-to-oil ratio. Reaction temperature has significant impact on a yield which decreases with temperature reduce
in the range from 30 to 90 °C. During reaction proceeding the alkali saponification and thus loss the catalytic
activity, which displayed in stopping the yield rising. The lower yield of esters from wasted oil comparing to the
refined oil may be caused by presence of heavy polymerized triglycerides components formed during frying. Such
components cannot be fully converted into monoalkylesters and gives also the oligomerized esters, which is not visible
in standard gas chromatographic analysis of biodiesel. Indirect confirmation of the presence of such compounds in
wasted frying oil sample is the sufficiently larger mass of the cube residue in vacuum distillation. For refined oil
amount of such residue was only 5.4%, while for wasted oil it was three time higher (14.9%). In case of wasted frying
oil as raw stuff, even after full conversion and effective self-separation conventional purification methods (like water
washing or dry washing with adsorbents) may not provide the necessary purity of resulted biodiesel due to the
presence of heavy oligomeric admixtures. In such cases vacuum distillation should be included as necessary final
purification stage.

Keywords: iso-propyl alcohol, alkaline catalyst, wasted frying oil, transesterification

Introduction

Fatty acid alkyl esters are widely used products.
Most of them are used as renewable transport fuel
named “biodiesel”. Biodiesel manufacturing is mainly
based on methanol, utilizing as reagent both in the
triglycerides  transesterification and fatty acids
esterification processes. This is due to its lowest price
among the monohydric alcohols, as well as its high
efficiency in this reaction. But methanol using has also
some disadvantageous. First of all, these are high
methanol toxicity and impossibility of “winter
biodiesel” obtaining without using of specific
additives, enhancing methyl esters cold flow
properties. All another aliphatic monohydric alcohols
have much lower toxicity and better low temperature
properties of their fatty acid esters.

Iso-propyl alcohol has good perspectives as
transesterification reagent. First of all, it is widely used
large-scale product of basic organic synthesis, having
relatively low price. It is also known from literature
sources, that fatty acid iso-propyl esters are
characterized by better cold flow properties then
methyl and ethyl esters, obtained from the same raw
materials [1-7].
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Effective transesterification of triglycerides by
iso-propyl alcohol, resulting in high conversion of raw
stuff and high yield of iso-propyl esters, is possible in
case of reaction catalysis by strong mineral acids [2, 3,
8]. Alkaline-catalyzed transesterification by iso-propyl
alcohol is strongly influenced by reaction parameters:
temperature, catalyst concentration, molar ratio of
alcohol-to-oil (Rao) and time of reaction. Because of
this, different authors reported different results even at
the same catalyst — KOH. So, authors [9] did not
obtain iso-propyl esters at 25 °C, 1% of catalyst load,
Rao = 6 after 1 hour of reaction. Carrying out
transesterification at higher temperature (45 °C, 0.5%
KOH, Rao = 6, 0.5 hour) resulted in 43 % yield of iso-
propyl esters, while further increasing the temperature
to 60 °C enhanced the yield to about 80% both at 0.5%
and 1.0% KOH and unchanged another reaction
conditions [10]. Under close reaction conditions
(50 °C, 0.5% KOH, Rao = 6:1, 0.5 hour) another
authors achieved 86% yield of iso-propyl esters [11],
however it was not observed any separation of glycerol
layer. Authors [8] failed in preparing iso-propanol-
based biodiesel via alkaline catalysis over KOH even
under unacceptable harsh reaction conditions (77 °C,
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1.5% KOH, Rao = 70, 48 h) and preferred to carry out
acid-catalyzed process over H,SO.. Low reactivity of
iso-propyl alcohol was attributed to its branched
structure. As generally known, the branched
monohydric alcohols are characterized by far lower
acid strength, than linear once. Namely iso-propanol
has almost two-magnitude weaker acid strength, than
methanol [12]. When catalyzing transesterification
with hydroxides, weaker acidity of the alcohol strongly
suppresses the formation of alkoxide-anion, which acts
as real catalyst in this process. In case of iso-propanol,
its concentration would be very low comparing with
methanol-based process. Another difference from
methanolysis consists in  better miscibility of
triglycerides with iso-propanol, which is favorable for
saponification, resulting in catalyst loss. From our
point of view, the difference in results with KOH as
catalyst is first of all due to the inequality of the
hydroxide reagents used in terms of water content. It is
widely known, that KOH reagents may contain about
15% of water. For example, in work [13] 16%
moisture content was revealed in high-pure KOH.
Higher water content during transesterification both
decrease the alkoxide concentration and increase the
saponification rate. Direct utilization of alkoxides
reagents is able to provide the very high concentration
of iso-propoxide anions in reaction media, which is
necessary for the effective transesterification. Earlier it
was described the using of potassium and sodium iso-
propoxides [7]. The former was the commercially
purchased substance, while the later was obtained by
reaction of iso-propanol with metallic Na, which is
non-option on the large production scale. The fullness
of feed-stock conversion was controlled my measuring
total glycerol content in reaction products after
washing. Best results (0.04% total glycerol content)
were obtained in reflux condition at Rao = 20:1 over
potassium iso-propoxide (1.34% in terms of K, or
1.9% in terms of KOH relative to oil mass) after 8
hours of reaction. Utilization of 1-1.5% Na under the
same conditions provided higher total glycerol content
— 0.18-0.34%. Decreasing the alcohol-to-oil ratio (Rao
= 10 or Rap = 6) provided closer result at 1.25% Na
load, but in case of potassium iso-propoxide
conversion was substantially lower (total glycerol
content 0.64-0.70%). However, no phase separation
was observed under any reaction conditions over both
catalysts.

Regardless of relatively lower vyields of iso-
propyl esters, than in case of acid catalysis, alkaline-
catalyzed route has some advantageous such as low
corrosivity and high reaction rate. So, we decide to
develop the method of preparing the alkaline catalyst,
which will be free from some disadvantageous, having
alkaline metal hydroxides. Also, we used the really
valuable from practical point of view source of

triglycerides such as wasted frying oil, instead of high-
expensive fresh vegetable oils.

Materials and methods

Chemicals

Oil raw stuff included commercial refined
sunflower oil (Ukraine; acid value 0.07 mg KOH/g and
0.03% of water and fatty acids composition: C16:0 —
6.7%, C18:0 — 2.8%, C18:1 — 33.0%, C18:2 — 54.6%,
others — 2.9%) and wasted frying sunflower oil
(Ukraine: 0.86 mg KOH/g and 0.03% of water and
fatty acids composition: C16:0 — 8.8%, C18:0 — 4.1%,
C18:1 — 35.1%, C18:2 — 47.6%, others — 4.4%).
Another chemicals, used in current study, were the
following: analytical grade KOH (China, 83% KOH,;
as catalyst of refined oil transesterification); technical
grade KOH (China, 84% KOH; as catalyst of wasted
oil transesterification); chemical grade iso-propyl
alcohol (Russian Federation); 0.1 N HCI water solution
(prepared from fixanales); indicators bromophenol
blue and phenolphthalein; reagent-grade methyl
palmitate (>97%); reagent-grade n-hexane; synthetic
molecular sieves KA-Y/3A (Russian Federation,
dynamic water vapor capacity — 150 mg/cm®);
technical grade anhydrous calcium chloride.

Experimental

Preparation of catalytic solution

Solution of alkaline catalyst based on KOH and
iso-propyl alcohol (SMC - self-made catalyst) was
prepared by analogous to the method of the
hydroxide/ethanol based alkaline catalyst preparation,
described in patent [14]. Procedure consisted in boiling
of the KOH solution in iso-propanol and selective
dehydration of alcohol water azeotrope, condensed
over the bed of KA-Y/3A molecular sieves in Soxhlet
extractor. Dried iso-propanol was returned into the
alkali  solution. The boiling-condensation-drying
sequence was repeated for several times.

Comparison of hydroxide and prepared alkaline
solution

In these series of experiments KOH, previously
dissolved in dried with molecular sieves iso-propyl
alcohol, was used as catalyst. Also, SMC, obtained as
above mentioned from KOH iso-propanol solution,
was utilized. Investigations were carried out using
refined sunflower oil with specified content of
triglycerides about 99.9%. For each synthesis 2%
KOH load (hereinafter catalyst load expressed relative
to mass of oil) was used. Contents of alkali in reagent
(KOH), measured by titration, was about 83%, catalyst
amount is expressed in terms of 100-% KOH. In each
synthesis 100 g of oil was used. In order to compare
the efficiency of the catalysts, the same load of SMC
in equivalent of reagent KOH was used (1.66 %eq. ko).
Rao ratio was in range of 6-15 mol/mol. Syntheses
were carried out in 500 cm® round-bottom flask,
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equipped with reflux condenser and water trap tube
(filled with CaCly) in reflux conditions (bath
temperature 120-125 °C) for 2 hours. Heating of the
mixture was provided with oil bath, placed on electric
stove.

Influence of catalyst concentration and reaction
temperature

In this series of experiments only SMC alkaline
catalytic solution was used. It was prepared from KOH
and iso-propyl alcohol. Investigations were carried out
utilizing used frying sunflower oil. Marked
concentration of alkaline catalyst was calculated in
equivalent of KOH (%eq. koH). Syntheses were carried
out in 250 cm® two-neck heart-like flask, equipped
with thermometer, reflux condenser and water trap
tube (filled with CaCly), reaction mixture was stirred
by magnetic stirrer. In each synthesis 70 g of oil was
used. Heating of mixture was provided with oil bath,
placed on the magnetic stirrer. Sampling was carried
out each 0.5hour, beginning sample was taken
immediately after immersion of the flask into hot oil
bath.

Enlarged synthesis of fatty acid iso-propyl esters

In this process was used SMC alkaline catalytic
solution and wasted frying oil sample. Synthesis was
carried out under next conditions: 2%.q. KOH to oil,
Rao = 9, reaction time — 2 hours, loading of oil —
250 g, bath temperature — water trap tube (filled with
CaCly) under reflux conditions. Heating of mixture
was provided with oil bath, placed on electric stove.

Analysis

Determination of iso-propyl esters yield

The yield of the iso-propyl esters during and
after syntheses was estimated from the decrease of the
iso-propyl alcohol content in reaction products,
measured by the mass loss of the sample due to
evaporation at room temperature. The sample (5-10 g)
was placed into the open Petri dish and periodically
weighted until the stable mass achievement. All the
mass losses were regarded as evaporated alcohol due
to high boiling temperature of all another reaction
components. Then the theoretically possible mass of
iso-propyl esters, which can be formed from the
alcohol consumed in reaction, was calculated.

In particular case (enlarged synthesis after chose
the reaction parameters), yield of the iso-propyl esters
after finishing synthesis was also calculated from their
known concentrations in reaction products. The latter
was measured by gas chromatographic analysis, using
modified method based on European standard method
of determination of methyl esters in biodiesel
EN14103. When analyzing fatty acid iso-propyl esters
far more affordable methyl palmitate may be used as
internal standard instead of expensive methyl
heptadecanoate. Samples and standard were dissolved
in n-hexane. Analyses were performed on the gas
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chromatograph Agilent 7890A Series, equipped with
split/splitless inlet, flame-ionization detector and
Agilent J&W HP-5 capillary column ((5% phenyl)-
methyl polysiloxane, 30 m length, 0.32 mm internal
diameter, 0.25 um film thickness); high-purity helium
was used as carrier gas. Conditions of analyses were
the following: inlet temperature 250 °C, inlet excess
pressure 82.7 kPa, split ratio 36:1, chromatographic
column oven temperature program 210 °C/27 min —
5 °C/min up to 320 °C, detector temperature 250 °C.
The yield of fatty acid iso-propyl esters was calculated
as the ratio of their total mass in reaction products to
mass, which could be formed when triglycerides fully
convert to esters. After subtraction of free fatty acids,
oil was regarded as pure triglycerides having average
molar mass, calculated from known oil fatty acid
composition.

Estimation of heavy residue in samples of oil

Residue of heavy polymerized compounds in
oils samples, which could not be converted into
compounds, visible in gas chromatographic analyses
was determined by complicated method of successive
treatment of oil samples. It included saponification of
the oil, acid hydrolysis of formed soaps, washing,
drying and vacuum distillation of obtained fatty acids
as described in detail in earlier work [15].

Titration of the reaction products

Alkaline catalyst and soap content in the
reaction products were determined by two-step acid-
base titration method as described in [16]. Alkali was
determined in a first titration step, using HCI 0.1 N
solution as reactant, iso-propanol as solvent and
phenolphthalein as indicator. In a second titration step,
the soap content was determined using the same titrant
and bromophenol blue as indicator.

Results and Discussions

After transesterification of refined sunflower oil
both over KOH and SMC solutions one-phase clear
mixtures of reaction products, showing no tends for
phase separation, were formed. Yield of fatty acids iso-
propyl esters over KOH appeared to be not higher,
than 53% at highest excess of alcohol used (Fig. 1,
yield values, estimated from the alcohol content
decrease, are given). Using of SMC was remarkably
more efficient and resulted in yield of about 92% at
Rao = 6 and about 95-96% at higher excess of iso-
propanol.

For further investigation of transesterification of
wasted oil sample over SMC reagents ratio Rao = 9,
which was the lowest among that providing enough
high fullness of refined oil transformation (see Fig. 1),
was chosen. Yield of iso-propyl esters stabilized after
1-1.5 hours of reaction at 90 °C (Fig. 2, yield values,
estimated from the alcohol content decrease, are
given).



Kamaniz ma nagpmoximisa, 2021, Ne32

35

BKOH BSMC

ylesters yield. %

s

iso-prop

Fig. 1. Yield of iso-propyl esters in refined sunflower oil transesterification over KOH and SMC
(reflux — 90 °C, 2 h, 2% KOH or 1.66%eq. ko SMC).
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Fig. 2. Changing of iso-propyl esters yield in course of wasted sunflower oil transesterification using different load
(1-2.0,2-1.8, 3 1.6%e¢q kon) of SMC (90 °C, Rao =9).

Using of 1.8 and 2.0%eqkon catalyst load
provided almost the same yield of esters about 86-
88%, while decreasing of the catalyst load to 1.6%q.
kon resulted in reducing the yield by about 15%.

Further attempts to gradually decrease the
reaction temperature under the unchanged other
conditions (SMC load — 2%eq. koH, Rao = 9) in order to
provide more environmental friendly energy-saving
process resulted in regular decreasing of the iso-propyl
esters yield (Fig. 3, yield values, estimated from the
alcohol content decrease, are given). It is interesting to
mentioned, that the temperature impact on the alkaline
iso-propanolysis appeared to be totally different from
that observed in our previous studies for butanolysis
using the similar approaches for the alkaline catalytic
solution preparing [17, 18]. Namely, alkaline-synthesis

of n-butyl esters proceeds very fast even at 15 °C and,
moreover, carrying out reaction without heating
provides the effective phase self-separation. Another
synthesis with larger mass of oil loaded was carried
out under reaction conditions, which was chosen as
most efficient on the base of discussed results (2%eq
kon SMC, reflux, 2 hours, Rao — 9:1). In these cases
iso-propyl esters yield was determined both from the
alcohol losses due to evaporation and from the results
of gas chromatographic analysis.

Both values were enough close — 72 and 74%
respectively. However, these values are some lower,
than achieved in smaller synthesis (see Fig. 2 and
Fig. 3). Probably, this is due to faster saponification
under reflux conditions than during mechanical stirring
at close temperature.
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Fig. 3. Changing of iso-propyl esters yield in course of wasted sunflower oil transesterification over SMC at
different reaction temperatures: 1 — 90, 2 — 70, 3 - 50, 4 — 30 °C (2%eq. koH, Rao = 9).

It should be emphasized, that titration of
reaction mixture after 2 hours of synthesis revealed the
absence of the alkaline catalyst due its full
saponification. Only saponified alkali was determined
via titration with bromophenol blue (concentration of
soaps — more than 10% in whole mixture). This may
explain stopping rising of esters yield at some stable
level before reaching full conversion of the oil or
reaction equilibrium (see Fig. 2 and Fig. 3).

There arise the question concerning the reasons
of the higher catalytic efficiency of SMC comparing
with ordinary KOH, dissolved in iso-propyl alcohol.
The answer is first of all the difference in water
content in the alkaline catalytic solution, and thus in
reaction medium during the process. In homogeneous
alkaline catalysis of transesterification water content is
known to be a critical factor [19-22]. Water leads to
secondary hydrolysis and saponification reactions
which cause a drop in yield and consume part of the
catalyst. Although there are no official specifications,
one can be met information about maximum water
content in the reaction medium about 0.1% for
biodiesel applications [19]. In case of trans-
esterification with branched alcohols, such as iso-
propanol, the water content influence may be even
more critical.

The preparing procedure of SMC consisted in
selective water removal from initial KOH alcohol
solution. The main source of the water was the
potassium hydroxide reagents, containing only 83-84%
of KOH (water was the main admixture). Some water
also where present in the iso-propanol. The removing
of this water leads to the shift of the equilibrium of
alcohol reaction with alkali towards the alkoxide
formation:
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OK
)\+ KOH ‘_:)\Jr H,0
(1)

Also, additional water, formed in reaction (1)
may be removed as process goes on. This may result in
further growth of the alkoxide content. As was already
mentioned, the alkoxide is the real active catalytic
specie in alkaline transesterification. As generally
known, alkoxide-anions play a role of nucleophile
particles attacked the carbonyl groups of glycerides on
each of three successive stages of triglycerides
transesterification [23]. The water impact on the
equilibrium (1) should be far more pronounced, than in
case of methanol with alkali reaction due to difference
in acid strength between branched and linear alcohols.

Thus, it may be assumed, that in case ordinary
KOH solution the alkali was consumed in sapo-
nification reactions before the target transesterification
had time to pass sufficiently. In case of SMC both
higher saponification reaction rate in presence of water
and lower transesterification reaction rate (during to
the lower alkoxide-anions content) may be assumed.
As result, the higher yield of iso-propyl esters may be
achieved before the moment of total loss of alkaline
catalyst due to soaps formation.

As for the lower yield of esters from wasted oil
comparing to the refined oil, this is may be due to
presence of heavy polymerized triglycerides
components formed during frying [24, 25]. Such
components cannot be fully converted into monoalkyl
esters and gives also the oligomerized esters, which is
not visible in standard gas chromatographic analysis of
biodiesel. Indirect confirmation of the presence of such
compounds in wasted frying oil sample, used in
current study, is the sufficiently larger mass of the
cube residue in vacuum distillation of fatty acids,
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obtained from oil samples. In case of refined oil
amount of such residue was only 5.4%, while in case
of wasted oil it was three times higher (14.9%).

Cleaning of reaction products to obtain
biodiesel-grade iso-propyl esters from resulting
mixture will be complicated problem till glycerol self-
separation achieved. However, in case of wasted frying
oil as raw-stuff, even after full conversion and
effective self-separation conventional purification
methods (like water washing or dry washing with
adsorbents) may not provide the necessary purity of
resulted biodiesel due to the presence of heavy
oligomeric admixtures. In such cases vacuum
distillation should be included as necessary final
purification stage.

Conclusions

Obtained results showed that KOH solution in
iso-propy! alcohol after special treatment (SMC) gives
almost twice higher yield of esters from refined
sunflower oil triglycerides than at KOH under same
conditions. Using both 1.8 and 2.0%eq. kon amount of
SMC gives same highest yield (about 86-88%) of iso-
propyl esters from wasted frying oil. Enough high
yields iso-propyl esters yield is achieved only at
maximum reaction temperature (90 °C), which is
possible to maintain in unpressurized conditions. It
was also shown, that stopping of yield rising during
iso-propanolysis is due to full alkali saponification, but
not due to achievement of reaction equilibrium.
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Jly:KHMi CHHTEe3 i30IPONiJIOBHX eCTepPiB ) KUPHUX KUCIOT

C.0. 3yo6enko™*, C.B., KonoBanos, b.A. [lenuciok, JI.K. [latpuask

Incmumym 6ioopeaniunoi ximii ma nagpmoximii in. B.I1. Kyxapa HAH Yxpainu,
Vxpaina, 02660 Kuis, eyn. Mypmanceka, 1. e-mail: S.0.Zubenko@ukr.net

AJKinecTepu )KUPHUX KHUCIIOT € IIUPOKO BUKOPUCTOBYBAaHUMH NMPOAYKTaMHU. BUIBIIICTh 13 HUX 3aCTOCOBYIOTH SIK
BIIHOBJIIOBAaHE ITaJIUBO IS TPAHCIOPTY, SAKE HA3MBAIOTh «Oiomu3eneM». BUPOOHHUIITBO 130MPOMIIOBHX €CTEPIiB
KUPHUX KHUCIOT B OCHOBHOMY 0a3zyeTbcs Ha KHCIOTHOMY IIpOIleci, aje 3 BUKOPHUCTaHHSIM JIY)KHHX KaTalli3aTopiB
TaKOX MOKHAa OTpHUMAaTH Xopoun BuxoAu. JIyHI KaTai3aTopu MaloTh AEsAKi IepeBard, Taki sIK HU3bKa KOpo3iiiHa
aKTHBHICTh Ta BHWINA IIBHAKICTH peakilii. Y maHiii poOOoTi Oyso MOPIBHAHO €(PEKTHBHICTH TIIPOKCHAY Kajilo Ta
JOJATKOBO OOpPOOJIEHOTO PO3YMHY TiAPOKCHAY Kaliio SK KarajizaTopiB mepeectepudikarii. [lokazano, mo po3unn
KOH B i3onpomnizoBoMy CIHPTI Micis crieliaibHOi 00pOOKH CIIpHsie OlEpKaHHIO Maike BABIYi BHIIOTO Buxoay (95-
96%) ectepiB 3 TpuriinepuaiB padiHoBaHoi COHAHUKOBOI o1il, Hix Ha KOH 3a Tux e ymoB. Buxin izonpomninoBux
€CTepiB JKHPHHUX KHUCIOT 3 BiAMparboBaHoi omii micnsa ¢ppurtiopy cradinizyerbes depes3 1-1,5 roannu peaxuii Ha 000X
KaranizaTtopax. 3 BukopucTanHsaMm 1,8 i 2,0% obpobneHoro kxaranizaropa 3a 90°C Oyno oaep:kaHo BHXOIM OIHM3BKO
86-88 % 3a cmiBBiAHOIIEHHA cUPTY 10 oiii 9:1. BcraHoBneHo, O TemmepaTypa peakiii Mae CyTT€BUH BIUIMB Ha
BHXIJ, IKHH CITamae i3 moHmKeHHAM TeMirepaTypH Bix 30 mo 90 °C. BrpomoBxk peaxilii Jyr OMUITIOETHCS i BTpadae
KaTaJTiTHYHY aKTHBHICTb, IO MPOSABISIETBCA Y 3yNUHII 3pOCTaHHS BUX0Ay. Hikuuil Buxin ectepiB 3 BiAmpanboBaHOi
onii TOpiBHAHO 3 padiHOBAHOIO OJIiEI0 MOXe OYTH CHPUYMHEHUI NPUCYTHICTIO BaXKHX MOJIMEPH30BAHHX
KOMITOHEHTIB TPUTIIIEPHIIB, IKi (POPMYIOTBCS BIPOIOBK CMa)KeHHs. Taki KOMITOHEHTH HE MOXYTh OYTH TIOBHICTIO
MEePEeTBOPEHI B MOHOAJKIIECTEPH Ta YTBOPIOIOTH OJIrOMEPU30BaHi ecTepH, AKi He (IKCYIOThCS MPH CTaHIAPTHOMY
razoxpomMaTorpadiuHomy anaiizi OGioguzento. Henpsmum miATBEpIKEHHSM HPUCYTHOCTI TaKHX CIOJYK Yy 3pa3Ky
BimpanboBaHoi omii micis ¢GpuUTIOpy € 3HauyHO Oinbla Maca KyOOBOro 3ajMIIKY, OJEP)KaHOTO NPH BaKyyMHiH
reperontti. J{ns padinoBaHoi omil KUTBKICTE TAKOTO 3aJIMIIKY cTaHOBWia jummie 5,4%, a mia gpurtopHOi BTpHUI
oimpme — 14,9%. YV pasi BUKOpPHUCTaHHS SK CHPOBHHHM (pPUTIOpPHOI OJii HaBiTh 3a TOBHOTO IEPETBOPCHHS Ta
e(eKTUBHOTO CaMOpO3JIIICHHS 3arajJbHONPUIHATI METOAM OYMINEHHS (IPOMHMBaHHS BOJOIO ab0 Cyxe OYMILIEHHS i3
3aCTOCYBaHHSM aJIcCOPOEHTIB) MOXKYTh He 3a0e3Me4nTH HeoOXiTHOT YUCTOTH OTPHUMAHOTO 0ioau3ens 4epe3 HassBHICTh
BKKHMX OJIITOMEPHUX JIOMIMIOK. Y TaKWX BUIIAIKaxX HEOOXiTHOIO KiHIIEBOIO CTAMI€I0 OYMINCHHS Mae OyTH BaKyyMHa
MeperoHKa.

Kniouosi cnosea. 130TIpOIIJIOBUI CIUPT, JYKHUNA Karajgi3aTop, BUKOPUCTaHA OJIisl INHCIA CMaKCHHS,
nepeecrepudikaris
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Fuel-grade sunflower oil butyl esters: synthesis,
purification, oxidation stability
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Current paper deals with production, purification and oxidative stability enhancement of fuel-grade sunflower
oil butyl esters as more ecological alternative of methyl esters as biodiesel. The oil feedstock, used in this study,
included refined sunflower oil (acid value — 0.05 mg KOH/g; 25.3% of oleic and 61.2% of linoleic acids) and wasted
frying high-oleic sunflower oil (acid value — 1.20 mg KOH/g; 6.1% of linoleic and 81.7% of oleic acids). Butanolysis
was carried out using potassium butoxide, obtained from KOH and alcohols via original patent-pending method,
under mild reaction conditions (alcohol-to-oil molar ratio — 4.5-5.0, 15°C, 1.4-1.6%.q. kon Of butoxide, 20-30 min).
High molar yield of butyl esters (93-96%) was achieved, while glycerol and vast majority of alkaline catalyst formed
the separate reaction products phase mainly in the course of reaction. Ester enriched phases were purified in order to
obtain fuel-grade butanol-based biodiesel. Samples after removing of butanol under vacuum followed by water
washing and drying were characterized by not enough high butyl esters content (about 94-95%), as well as higher
than allowed content of unconverted glycerides. Vacuum distillation as final purification step allowed fitting butyl
esters samples composition within the requirements for biodiesel fuel. Distilled samples contained about 99% of butyl
esters, 0.4-0.5% of monoglycerides and almost no n-butanol, glycerol, di- and triglycerides. Oxidative treatment
(110°C, 6 h, air bubbling) revealed the high oxidation stability of the sample, originated from wasted high-oleic oil,
due to the predominance of oleic acid in its fatty acid composition. The sample, obtained from refined sunflower oil
(mainly linoleic acid in fatty acid composition), demonstrated very low stability. Addition of at least 2000 mg/kg of
antioxidant 2,6-di-tert-butyl-4-methylphenol was shown to be able to improve this characteristic to the level of

biodiesel requirements.

Keywords: fatty acid butyl esters, biodiesel, potassium butoxide, oxidation stability, antioxidant

Introduction

Biodiesel is alternative biomass-derived fuel for
compression-ignition engines. About its production,
utilization, advantages and disadvantages relative to
traditional petroleum diesel many are told elsewhere
[1-3]. Biodiesel is a mixture of long-chain fatty acids
alkyl esters, which are usually produced via catalytic
transesterification of both fresh and wasted vegetable
oils or animal fats with corresponding monohydric
alcohol. Only fatty acid methyl esters (FAME) have
practical significance as biodiesel fuel. Methanol, used
in FAME production, is known as the most toxic and
dangerous among monohydric alcohols, but it is also
the cheapest one. Besides that, since methanol is
mainly produced from natural gas, FAME cannot be
regarded as fully biorenewable fuel. Also, current
2021™ gas crisis in Europe may probably turns the
manufacturers towards the diversification of alcohols
feedstock, used in biodiesel production. Among most
obvious alternatives for methanol are bioalcohols.
After obvious ethanol, biobutanol (n-butanol, obtained
from biomass via biofermentative processes) is the
best candidate. The main advantage of fatty acids butyl
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esters (FABE) comparing with FAME is sufficiently
better cold flow properties [4], which makes them
more valuable fuel under cold weather conditions. As
for Ukraine, all the targets to develop the motor
biofuels field (for instance, to produce yearly about 90
min. tones of biodiesel till 2020 [5]) remained no more
than declarations and there is still no biodiesel
production or using. According to abovementioned,
FAME production in Ukraine, having permanent
problems with natural gas supply and no domestic
methanol production, do not seem to have any real
perspectives in close future.

The common way of biodiesel production via
alkaline-catalyzed transesterification of triglycerides
(TG) is far more complicated in case of methanol
substitution with butanol. This is mainly due to the
lower acidity and polarity of longer-chain monohydric
alcohols comparing with methyl alcohol. Related
issues are discussed in detail in previous works of our
group [6, 7]. There exists the problem with self-
separation of alkaline butanolysis products, as their
mixture forms single phase unlike to the methanolysis
process. Formation of separate glycerol layer,
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containing most of reaction glycerol and also catalyst,
soaps and alcohol, is common for metanolysis. The
absence of self-separation makes downstreaming
processing of biodiesel more complicated.

There are enough examples of effective alkaline
butanolysis of oils using both hydroxide [8, 9] and
alkoxides catalysts [4, 9, 10]. In work [4] butanolysis
of low-acidic rapeseed and wasted frying oil (0.05 and
0.07% of FFA — free fatty acids) was catalyzed by
potassium methoxide and 93-96% molar yields were
achieved in synthesis under optimal reaction
conditions (alchohol-to-oil molar ratio — 6:1, 1 h; 70-
75 °C and 1.2% of catalyst for wasted oil or 90 °C and
1.1-1.15% of catalyst for rapeseed oil). Reaction
products separated after butanol removal by
distillation, obtained butyl esters were washed. Final
product contained 96.64% and 96.85% of FABE,
which fulfills the requirements for biodiesel (at least
96.5%). In work [10] sodium butoxide, obtained by
reaction of Na with alcohol, were used as catalyst of
food grade soybean oil (<0.5% FFA) butanolysis. High
molar yield of FABE was achieved in very short
reaction time (5 min) without heating (22 °C) using
alcohol-to-oil molar ratio 6:1 and 0.66% of catalyst.
Products remained in single phase; their separation
was enforced by removing of butanol by vacuum
distillation. Crude esters were purified via extraction
by deep eutectic solvents (choline chloride with
glycerol or ethylene glycol). Under certain purification
conditions resulting FABE content was in biodiesel
normative range. Effective catalysis of butanolysis by
hydroxides needs higher alcohol excess and longer
reaction time. In work [8] enough high oil conversion
(rapeseed, about 1% of FFA) was achieved using 12-
15:1 alcohol-to-oil molar ratio, 1.2-1.5% KOH at
30°C or 80 °C after 2-4 h. Separation of reaction
products was enforced by neutralization (strong
mineral acids or CO; bubbling) followed by removing
of alcohol by vacuum distillation. Neutralization by
strong acids resulted in high acid value of butyl esters.
In case of CO- final mass yield of crude esters relative
to initial oil was in range 80-100%, while maximal
theoretically possible mass yield of FABE is near 115
% on the oil basis. But these were not biodiesel yet,
since the content of glycerol and soaps was higher then
allowed. In the next paper of the same research group
butanolysis of rapeseed oil (no properties specified)
and separation of products using the same approach
resulted in only 56-66% mass yield of crude butyl
esters relative to oil in case of KOH as catalyst and 79-
89% in case of potassium tert-butoxide as catalyst. In
previous works of our group [6, 7] the high efficiency
of potassium n-butoxide catalytic solution, obtaining
from KOH and n-butyl alcohol only in patent-pending
way [11], was demonstrated. The high yields and
glycerol layer separation were achieved under low
excess of alcohol within short reaction time.

Stability is important criteria concerning any
motor fuel properties. The stability of biodiesel is
known to be one of the problem characteristic, it is
always lower than stability of common mineral diesel
fuel [12]. This is, obviously, due to the presence of the
residues of unsaturated fatty acids, containing highly
reactive olephinic bonds. The formation of deposits
and gum, the darkening of fuel due to contaminants
emergence, including alcohols, acids, aldehydes,
peroxides etc. occurs in course of biodiesel storage
[12-14]. The oxidative stability is one of the major
issues for implementation the use of biodiesel as an
alternative to petrodiesel fuel [12]. Oxidation is
possible both during storage or directly in diesel
engine fuel supply system. In modern diesel engines
with high-pressure fuel pumping, the recirculating fuel
may be heated to 60-150 °C and contact with hot air
and, thus, can be partially oxidized [15-17]. There are
the wide variety of biodiesel stability characterization
techniques, including thermal stability (ASTM D6468-
08), storage stability (ASTM D4625-16, ASTM
D5304-15 and EN 15751) and oxidation stability tests
(ASTM D2274, ASTM D7545-14, and EN 14112)
[15]. The common normative standards for biodiesel
fuel, such as European EN14214, set the requirements
for oxidation stability at 110 °C (at least 6 h),
measuring by accelerated high-temperature oxidation
methods (so-called Rancimat methods).

Oxidation of fatty acids esters forms peroxy
radicals. It is initiated by free radical formation at the
allylic position due to reaction with oxygen [15, 18].
Formed peroxy radicals convert to hydroperoxides and
alkyl radicals. The former may convert to hydroxyl
and alkoxy radicals, which can decompose to alkyl
aldehydes and alkyl radicals, to form acids in result of
oxidation or to polymerize with other alkenes [1, 15,
19-20]. Oxidation of biodiesel is difficult to avoid, the
most effective method for its preventing includes
special approaches for storing, excluding the air, light
and high-temperature exposure etc. However, such
conditions are difficult to achieve, and the most
practically valuable methods is introduction of
antioxidants, extending the oxidation induction period
[12]. Chain breakers (peroxide radical quenchers) and
hydroperoxide decomposers (reducing agents) are the
most common antioxidants [12, 21]. The major widely
used  synthetic  antioxidants are  butylated
hydroxytoluene (BHT), butylated hydroxyanisole
(BHA), tertbutylated  hydroquinone  (TBHQ),
pyrogallol, i.e., 1,2,3-trihydroxybenzene (PY), and
propylgallate, i.e., propyl 3,4,5-trihydroxybenzoate
(PG) [12, 22].

The general aim of the present work was to
obtain fuel quality butanol-based biodiesel. For such a
purpose a number of tasks was completed: to carry out
effective alkaline butanolysis of fresh and wasted
frying sunflower oil based on earlier developed
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approaches, using potassium butoxide catalytic
solution; to develop the purification method of reaction
products; to test the oxidation stability of the latter and
to prove the applicability of common synthetic
antioxidant for enhancement of this characteristic of
sunflower oil butyl esters.

Materials and methods

Chemicals

Refined frozen deodorized sunflower oil sample
(DSTU 4492), having acid value (AV) 0.05 mg KOH/g
and water content — 0.05%) was purchased from local
market. Fatty acid composition was the following:
palmitic acid (C16:0) — 7.0%, stearic acid (C18:0) —
3.7%, oleic acid (C18:1) — 25.3 %, linoleic acid
(C18:2) — 61.2%, other fatty acids (FA) — 2.8%.
Wasted frying high-oleic sunflower oil sample (acid
number — 1.20 mg KOH/g, water content — 0.05 %;
4.4% C16:0, 2.6% C18:0, 81.7% C18:1, 6.1% C18:2,
5.2% other FA) was kindly provided by local reseller.
Fresh high-oleic sunflower oil was produced according
TUU10.4-0033358-004:2016.

n-Butyl alcohol (Turkey, GC area assay -
99.37%, water content about 0.15%), used as
transesterification reagent, was technical grade.
Analytical grade potassium hydroxide (Czech
Republic, 83.0% KOH according to titration of fresh
reagent batch), technical rectified ethyl alcohol,
reagent grade anhydrous i-propyl alcohol, synthetic
zeolite KA-Y/3A (Russian Federation, dynamic water
vapor capacity — 150 mg/cm®) as well as already
mentioned n-butanol were used in preparation of
potassium butoxide (KOBu) catalytic solutions. Also,
technical grade sodium hydroxide (China, 99.8%
NaOH) was the reagent for synthesis of sodium
butoxide for the analytical purposes. Anhydrous
technical grade sodium sulfate was applied in drying of
washed biodiesel.

Reagent grade methylpalmitate (gas
chromatographic (GC) area assay - 98.65%),
pharmaceutical grade glycerol, reagent grade n-
butanol, N-Methyl-N-(trimethylsilyl) trifluoroacet-
amide (MSTFA, for GC derivatization), glyceryl
tridecanoate (>99%, GC grade) and ASTM D6584
standard solution kit (5 pyridine solutions of 1-
monoolein, 1,3-diolein, triolein and glycerol of various
concentration) were used in gas chromatographic
analyses.

0.1 N HCI water solution (prepared from
fixanale), as well as indicators bromophenol blue and
phenolphthalein were used in acid-base titration.

2,6-Di-tert-butyl-4-methylphenol (also known
as butylated hydroxytoluene — BHT) produced
according TU 38.5901237-90 (Russian Federation)
was used as antioxidant additive.

N,N-dimethylformamide  (DMFA,  99.9%),
reagent grade n-hexane, analytic grade anhydrous
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pyridine and reagent grade i-propanol were used as
solvents for the analytic purposes.

Gas chromatographic analyses were carried out
using high pure helium and hydrogen gases. Technical
purity argon gas was used in vacuum distillation of
butyl esters.

Synthetic and purification methods

Potassium butoxide catalytic solution in n-
butanol was obtained through the intermediate stage of
potassium ethoxide synthesis from KOH, dissolved in
ethyl alcohol. Synthetic procedure consisted in
repeated drying of ethanol-water azeotrope, condensed
over zeolite KA in Soxhlet extractor, followed by
returning of the dehydrated ethanol in reaction media.
The method is described in detail in patent of Ukraine
[23]. Thereafter, n-butanol was added to resulted
ethoxide solution (1:1 by volume) and ethanol was
removed by distillation with dephlegmator. Samples of
KOBuU solutions were also obtained in similar way
from iso-propanol alkali solution.

Transesterification of oil samples was carried
out in 0.5 | conic flask with continuous stirring. At
first, oil was put into reaction flask (100 g of refined
oil or 200 g of wasted frying oil), then the pre-
determined masses of KOBu solution and n-butanol
were quickly added and stirring was started (500 rpm,
magnetic stirrer with triangular anchor). Amount of
loaded alkaline catalyst is presented in %eq. kon UNItS
relative to mass of oil. Maintaining of the lower-
ambient reaction temperature (15 °C) was provided by
water bath, filled with chilled water. In course of
syntheses dense non-fluent primary glycerol layer
(GL) was deposited on the bottom of reaction flask. It
remained there after transferring the reaction products
into separation funnel, where additional amount of
secondary glycerol layer settled during few next hours
or overnight.

Obtained ester-enriched upper phases (ester
layers — EL) after self-separation was subjected to
successive purification steps. At the first step EL was
placed in round bottom flask and butanol was removed
by distillation under mild vacuum (waterjet pump, 3-
4 kPa) and continuous stirring (500 rpm) with heating
by water bath. The temperature of the latter was
gradually increased from ambient to 90 °C. Resulting
mixture was transferred into separation funnel, where
additional phase separation occurred. The upper of two
obtained phases was repeatedly washed with hot tap
water (60-80 °C, 1:1 by volume each time) until
formation of clear water layer with neutral pH (5-7
successive washing steps). Washed butyl esters were
dried over anhydrous sodium sulfate. Thereafter one
half of washed samples were subjected to batch
vacuum distillation (~0.1-0.3 kPa) under continuous
bubbling of argon gas. Heating was provided by oil
bath (190-260 °C), butyl esters fraction condensed in
temperature range 170-230 °C.
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The block-scheme of whole process of FABE
production and purification is given in the Fig. 1.
KOBu preparation is presented by example, which
includes the initial stage of ethoxide preparation from

KOH solution in ethanol. The scheme would be the
same also in the case of iso-propanol alkali solution
utilization on the first stage.

Water removal

over zeolite KA

Dried Water-Ethanol

Ethanol azeotrope Rl 0Oil  n-Butanol SUEGEEI)
Ethanol : glycerol layer
—— KOE: KOEtin XOBu KOBu in

KoH preparation Ethanol preparation MqﬂunsestertﬁcarionI__lSeTTling 1|
I_. Ethanol Primary iff:
(removal by rectification) glycerol layer c
= ’ n-Butanol removal
Na.SO. by vacuum distillation
Dried Washed M U
Vacuum ried [ Drying and | " pper w-Bitanit
distillation | JABE | Filtration | FABE [Water washing layer [Seitling 2
Fuel-grade Cube
FABE residue  Used Na:SO- Wash water Bottom layer

Fig.1. Block-scheme of the lab-scale process of FABE production.

Indicators of efficiency of the butanolysis
process

The main indicator of the efficiency of the oil
transesterification was the effective molar yield of
butyl esters Yer (%) in composition of ester layer:

Y, = Cenee Mg -My; , (1)

3'(moil - mFFA) ’ MFABE

where Crage is concentration (%) of butyl esters in
ester layer after phase separation; meL, Moii, Mera are
masses (g) of ester layer, oil and free fatty acids in oil;
Moii, Merage are molar masses (g/mol) of oil
triglycerides and butyl esters, averaged according to
the fatty acid composition. Term «effective yield»
implies the taking into account only the FABE in
composition of ester layer, since in general case some
fraction of esters may also transfer into glycerol layer.

Also, the mass yields of EL or purified esters
relative to initial oil was calculated:

m rod
Y. =—P.100%, )
m

mass
oil
where mprod is mass (g) of ester layer or purified FABE.
The fraction (%) of the alkaline catalyst, which
remains in composition of ester or glycerol layer or
transforms into soaps, from its loaded amount was
calculated as follows:

H H Cx -m r
Fraction from loading = —*— 2" .100%, ©))
cat * Mo
where Cx is content (%eqkon) Of catalyst or soaps,
calculated as KOH; mMiayer is mass (g) of ester or

glycerol layer; nca is amount (%eqkon) Of loaded
catalyst, calculated as KOH, relative to mass of oil.

Oxidation stability determination

Samples of distilled butyl esters, containing 500,
1000, 1500 and 2000 mg/kg BHT antioxidant, were
prepared by simple mixing with magnetic stirrer. 5.0 ¢
of the sample (containing antioxidant or not) was
placed into the sealed tube and bubbled with
atmospheric air (300 cm®min) under continuous
heating (110 °C, oil bath) for 6 h. Such a treatment
procedure is the same as in the standard EN14112
Rancimat method. But instead of the determination of
oxidation induction period by measuring the
conductivity changes, samples of treated butyl esters
were subjected to GC analysis and also titrated to
determine the acid value. In separate case, the samples
for GC analysis were also taken directly in course of
oxidative treatment. If composition of the sample did
not undergo considerable alterations and remained in
the range of the biodiesel normative requirements, it
was regarded as meeting the requirements for
antioxidant stability.

Gas chromatography methods

Butyl esters samples composition was analyzed
using Agilent 7890A Series gas chromatograph
equipped with split/splitless (SS) and cool-on-column
(COC) inlets, flame-ionization detector (FID) and
J&W HP-5 (30 m, 0.32 mm, 0.25 um) and DB-5HT
(15 m, 0.32 mm, 0.1 um) capillary columns with ((5%
phenyl)-methyl polysiloxane stationary phase. High-
purity helium was used as carrier gas.
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FABE content was measured by modified
method based on standard method of determination of
methyl esters in biodiesel EN14103. Methyl palmitate
(MP) was used as internal standard instead of methyl
heptadecanoate. Sample (0.15-0.20 g) and standard
(about 0.02 g) were weighted with analytic accuracy
and dissolved in 5 cm® of n-hexane. At least two of
such probes were taken for each FABE sample, each of
them were analyzed twice. Analyses were carried out
under following chromatographic conditions: SS inlet
temperature — 250 °C; constant pressure mode
(82.7 kPa); split ratio 36:1; column (HP-5) temperature
210 °C/27 min, 5 (°C/min)/min up to 320 °C,
280 °C/10 min; FID temperature 250 °C. This method
also was applied to measure the changes in content of
butyl esters of major fatty acids (C16:0, C18:0, C18:1,
C18:2) as well as to monitor the BHT antioxidant
consumption in oxidation stability studies.

Monoglycerides (MG), diglycerides (DG) and
TG concentrations were determined by means of
derivatization ~ with MSTFA  followed by
chromatographic analyses (DB-5HT column with 1
m/0.53 mm fused silica retention gap, COC inlet) with
tricaprin as internal standard according ASTMD 6584
standard method. Original ASTMD 6584 method
involves also determination of free glycerol with 1,2,4-
butanetriol as standard, but its delivery in Ukraine is
prohibited. About 0.1 g of FABE sample was weighted
with analytic accuracy in 10 cm?® vial, then tricaprin
solution in pyridine (200 pl, 4000 pg/cm® and
MSTFA (100 pl) were added. Vial was sealed, shaken,
and left for 20 min at ambient temperature. Then its
content was dissolved in 8 cm® of n-hexane and
chromatographic analysis was carried out under
conditions described in [24]. MG, DG and TG content
was calculated from calibration, which was built using
ASTM D6584 standard solution Kit.

For measurement of low glycerol concentrations
separate analysis was set up. About 0.1 g of FABE
sample was weighted with analytic accuracy in 4 cm?®
vial followed by addition of 200 ul of pyridine and
100 pl of MSTFA. Vial was sealed, shaken and left for
20 min at ambient temperature, then 3 cm?® of n-hexane
was added. Resulting solution was analyzed under
such conditions: SS inlet temperature — 300 °C;
constant flow mode (3 cm®min); split ratio 36:1;
column (HP-5) temperature 110 °C/7 min, 30 °C/min
up to 320 °C, 320 °C/15 min; FID temperature 300 °C.
Concentration of glycerol was calculated from
previously built calibration line.

Concentration of butanol was measured in
another chromatographic analysis. 0.6 cm® of the
FABE sample was weighted in 10 cm® vial and
dissolved in 5 cm® of DMFA, containing 0.230% MP
as internal standard. This solution was also used to
estimate the glycerol concentration higher than 0.5% in
EL (without derivatization), using the same MP in role
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of standard. Analyses was carried out under following
conditions: SS inlet temperature — 300 °C; constant
flow mode (3 cm*min for 9 min, 3 (cm®min)/min up
to 9 cm¥min and 9 cm¥min to the end of analysis);
split ratio 20:1; column (HP-5) temperature
35 °C/9 min, 10 °C/min up to 80 °C, 80 °C/1 min,
5°C/min up to 320 °C, 320 °C/7.5 min; FID
temperature 300 °C. n-Butanol and glycerol
concentration were calculated relative to MP peak area
using previously built calibrations.

Another analytic methods

Acid value (AV) of oils and purified butyl esters
was measured by means of titration with sodium
butoxide solution in n-butanol with indicator
bromothymol blue as described in [25]. Alkaline
catalyst and soaps content in the butanolysis products
were determined by two-step acid-base titration
method as described in [26]. Alkali was determined in
a first titration step, using HCI 0.1 N solution as titrant,
iso-propanol as solvent and phenolphthalein as
indicator. In a second titration step, the soap content
was determined using the same titrant and
bromophenol blue as indicator.

Water content in oils samples was determined
by heterogenic azeotrope distillation using benzene to
form heterogeneous azeotrope with water (Dean-Stark
method). Density of butyl esters samples was
measured at 15 °C by means of areometers according
to EN ISO 3675. Kinematic viscosity (KV) of FABE
was determined at 40 °C as described in EN 1SO 3104
using glass capillary viscometer.

Results and discussions

FABE synthesis

Butanolysis of refined sunflower oil was carried
using 3 samples of KOBu catalytic solutions, prepared
both from KOH solution in ethanol (KOBu(Et)) and
iso-propanol (KOBu(iPrl) and KOBu(iPr2)). Though
such method of the butoxide synthesis required
additional reagents (ethanol or iso-propanol) and
molecular sieves, it is less time-consuming and energy-
consuming comparing with the earlier used method
[6,7, 11] based on the azeotropic distillation of alkali
metal hydroxide solution in n-butanol. Results of
experiments on transesterification of the refined oil
sample under the same reaction conditions are given in
Table 1 (samples BRSO-1, BRSO-2 and BRSO-3, t =
15 °C). Such reaction parameters were chosen on the
base of previous studies [6, 7] as providing both high
yield of butyl esters and effective phase separation. In
all three experiments at the same reaction conditions,
but using three different samples of KOBu catalytic
solutions, the wvery close results were obtained.
Namely, in all syntheses both high FABE vyield (93-
94%) and removing of vast majority of glycerol and
alkaline catalyst into separate phase were achieved.
Obtained results demonstrated the good reproducibility
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of the KOBu preparation methods, using different
alcohols (ethanol or iso-propanol), as well as
reproducibility of KOBu parallel synthesis in case of
the same iso-propanol (KOBu(iPrl) and KOBu(iPr2)
samples). In case of wasted oil butanolysis (BWFO-1)
slightly higher excess of butanol was used, process
was carried out for additional 10 min. Also, additional
KOBu was included for FFA neutralization. As result,

even higher butyl esters yield was achieved, however
ester layer contained more glycerol and potassium. The
latter was almost exclusively in composition of soaps,
as was revealed by acid-base titration with two
indicators. Less effective phase separation of BWFO-1
synthesis product is most likely due to the presence of
FFA in wasted oil, but also higher alcohol-to-oil ratio
and longer reaction time may have some impact.

Table 1. Conditions and results of the experiments on transesterification of oil samples (t = 15°C)

Sample Butoxide Rpo, | &, MNat, | Yer%|  Ymas(EL), Concentration in EL, %
sample mol/mol | min | %eq ko %
FABE | n-Butanol | Glycerol | “K
BRSO-1 KOBUu(Et) 45 20 140 92.7 128.8 825 124 0.6 0.05
BRSO-2 KOBu(iPr1) 45 20 140 929 1289 82.6 124 0.6 0.04
BRSO-3 KOBuU(iPr2) 45 20 140 93.7 129.1 833 123 0.7 0.04
BWFO-1 KOBUu(Et) 50 30 1.56 95.6 1329 824 144 17 012

Lalcohol-to-oil molar ration
Zreaction time

3amount of loaded alkaline catalyst, calculated as initial KOH, relative to mass of oil

4 potassium content in EL.

Distribution of alkaline catalyst between the
layers of reaction products and its deactivation due to
saponification reactions (both of acylglycerides and
butyl esters) need separate attention to pay. Previous
studies of our research group [6, 7] revealed the total
difference of the compostion of glycerol layers, formed
during alkaline butanolysis, comparing with that
formed in more common processes of oils
transesterification with methyl or ethyl alcohols. In the
latter cases glycerol layers contain beside glycerol also
the significant fraction of esters and alcohol, some
unconverted acylglycerides as well as soaps and
alkaline catalyst in different proportions. On the
contrary, the GL of butanolysis is composed almost
exclusively of neat glycerol and alkali. Such

observations were never earlier reported in literature
sources.

Data of the Table 2 show the distribution of the
alkali and soaps between ester layers and primary
glycerol layers after refined oil butanolysis. All ester
layers contain no alkaline catalyst and only minor
amount of soaps. Vast majority of loaded catalyst
transfer into the primary GL (settled during synthesis),
whereas soaps are presented in very limited quantities.
The amount of primary GL the latter was 7.4-7.6%
from oil mass, besides that 2.2-2.6% of secondary GL
of close nature formed during settling. It worth be
mentioned, that the maximal possible amount of GL,
containing only glycerol and alkali, in case of full oil
conversion is about 11% from oil mass.

Table 2. Distribution of alkaline catalyst and soaps in refined sunflower oil butanolysis products

Sample Ester layer Primary glycerol layer
Catalyst Soaps Catalyst Soaps
Content, | Fraction from Content, Fraction from Content, Fraction from Content, Fraction from
Yeq. KOH loading, % Ve KOH loading, % Yeq. koOH loading, % Ve, KOH loading, %
BRSO-1 0 0 0.069 6.3 13.71 72.6 0.71 38
BRSO-2 0 0 0.063 5.6 13.89 74.8 0.42 2.3
BRSO-3 0 0 0.064 59 14.07 75.8 0.38 20

The transfer of major part of the catalyst into GL
in course of synthesis from one point of view mostly

prevents the saponification. Soaps formation leads to
the conversion decrease and difficulties with
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separation and purification of esters. At the same time,
the catalyst concentration decreases fast due to its
removing into separate phase. Such the details are
discussed in [7], where also the transformation of
KOBu into potassium glyceroxide in course of
transesterification was grounded. More likely, the
alkali in GL composition is presented by glyceroxide,
which is known as effective transesterification catalyst
[27]. So, preserving the major part of alkaline catalyst
after butanolysis in mixture with glycerol opens
prospects for its reuse in transesterification or for
another purposes.

Isolation of biodiesel-grade butyl esters.

In Table 3 the composition and some properties
of butyl esters samples after different steps of
purification are compared with requirements of
European standard for methanol-based biodiesel. “W”
in the end of the samples name refers to butyl esters
after alcohol removal, washing with water and drying,

while “D” means the distilled butyl esters. Carrying
out the water washing of EL after butanolysis is
strongly complicated by n-butanol with water partial

miscibility. So, the prior butanol removing by
distillation is needed, which also provides its recycling
in the process. Products of refined oil

transesterification were mixed together and then
purified. FABE content after washing in BRSOW
sample was a bit lower, than EN 14214 required,
which mainly due to the presence of unconverted
glycerides. For such cases the higher conversion of oil
in synthesis will provide both increasing the FABE and
decreasing the MG, DG and TG concentrations. This is
easy achievable by increasing alcohol-to-oil molar
ratio up to about 5.0-6.0. This also may decrease to
some extent the fullness of phase separation, however
this is may be the serious problem in case of high-
acidic low-grade oils, but not refined ones.

Table 3. Comparison of composition and physica-chemical properties of purified FABE samples versus

normative requirements

Sample Concentration of components, % AV, KV Density Y mass:
mg KOH/g| (40°C), (15°0), %
FABE | n-Butanol | Glycerol | MG | DG TG mm?/s kg/m?
BRSOW | 95.0 0.11 0.041 159 | 1.04 0.33 0.28 5.65 877 93.1
BRSOD 98.9 0.04 0.017 0.45 | 0.01 0.00 0.26 513 873 86.1
BWFOW | 93.7 0.28 0.002 084 | 0.23 0.04 0.10 5.90 869 93.5
BWFOD | 98.9 0.02 0.005 0.39 | 0.01 0.00 0.12 5.68 868 89.4
1EN 14214 | 96.5 0.20 0.02 0.70 | 0.20 0.20 0.50 3.5-5 860-900 -
(min) (max) (max) (max) | (max) | (max) (max)

! Requirements of EN14214 standard for FAME as BD

Sample of washed esters from wasted oil
BWFOW had other features of composition.
Nonetheless some higher conversion, resulting in
lower glycerides content, FABE concentration
appeared to be lower than in BRSOW sample. This is
more likely due to the presence of so-called polar
compounds in wasted oil samples, which includes
oligomerized or polymerized cross-linked
triglycerides, yielding in transesterification heavy
oligomeric esters. The presence of such compounds is
known problem, which complicates the achieving
target 96.5% ester content in wasted oil derived
biodiesel [28, 29]. Some excess content of the alcohol
in BWFOW sample is a result of not enough full
washing, as well as glycerol content in BWFOD
sample. At the same time, water washing is almost
ineffective for removal of MG, DG and TG.

Vacuum distillation of both samples improved
the FABE, MG and DG concentrations, fitting them
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within EN 14214 requirements. Moreover, DG and TG
are almost absent in distilled samples composition.
Contents of glycerol and butanol were also within
acceptable limits. As for the kinematic viscosity, it also
decreased after distillation, but remained higher than 5
mm?/s. Such KV values is intrinsic property of FABE
due to the longer alcohol moiety in their molecules
compared with methyl esters. The difference in KV
between BRSOD and BWFOD samples is more likely
caused by their fatty acid composition. It worth
emphasizing, that relatively high FABE viscosity is not
critical for their utilization like biodiesel, as some
national standard, for example ASTM D6751 (USA),
allows higher biodiesel KV (up to 6.0 mm?/s).
Optimization of purified FABE yield was not
the task in the current study. Let us reminded, that
theoretically possible butyl esters mass yield from pure
TG is near 115%. Mass yield of final biodiesel can be
sufficiently improved by reducing product losses in
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intermediate purification steps. For instance, the drying biodiesel composition. It cannot be removed by water
over Na;SO4 resulted in up to 10% product losses. washing, but it also cannot be distilled and thus
Such stage should not be incorporated in a large remained in composition of cube residue.
production scale, instead of its drying under vacuum is Oxidative stability of butanol-based biodiesel
more rational to use. However, in case of further Oxidative treatment of distilled butyl esters
vacuum distillation, drying stage is not needed. It is revealed the totally different oxidative stability of
also possible to refuse from washing step and to carry BRSOD and BWFOD samples. The former, containing
out distillation of FABE after butanol removal. mostly C18:2 fatty acid residues underwent severe
However, in this case the problems with glycerol degradation after 6 h airs bubbling at 110 °C. The
content in distillate may arise. It can be resolved by concentration of FABE decreased strongly (Fig. 2a),
dry washing step, coupled with vacuum distillation, while oxidation products appeared in the composition
which can be realized by condensation of FABE of the treated sample (Fig. 2b). Acid value also
fraction over the layer of proper adsorbent. This also increased many times (Fig. 2d). Addition of BHT
may purify the distillate from another relatively light antioxidant in BRSOD sample decreased the
polar compounds, possibly forming at high degradation rate, its concentration 2000 mg/kg
temperatures. appeared to be enough to protect the sample from
Separate attention should be paid to some non- chemical changes. Only at this highest antioxidant
fat admixtures, which may originate from initial oil. content, some relatively significant amount of BHT
Composition of refined oil, mentioned by (about 350 mg/kg) remained in the composition of the
manufacturer, included only TG (99.9%), while the sample (Fig. 2c). In other cases, BHT additive was
composition of fresh high-oleic oil beside actual totally consumed in course of oxidation. As for the
deodorized frozen oil also included additives E320 sample BWFOD, which fatty acid composition are
(antioxidant BHA — butylated hydroxyanisole) and predominantly presented by monounsaturated oleic
E900 (defoamer polydimethylsiloxane) in unspecified acid, no any changes of its composition were observed
amounts. The latter surely should not be present in even without antioxidant addition.
1001 gz 20 -
90 - 18 4
801 g & 161 b
=]l B g F14]
@ 60 ’g = % @12
S 50 é = @ 3101
el = e
el E 5 5
2\ E
104 % =] 24
0 L BN 0
400 - 9- SHE
350 5]
2300 2 i
£ 250 o
=200 g 6
@ 450 1 3 5. Q.
100 -
50 1E§
0 0-
2 X2 B3 4
s EEe [~ 8
— — EN14214 requriments (min) - - - EN14214 requriments (max)

Fig. 2. Content of FABE (a), volatile oxidation products (b) and antioxidant (c) in butyl esters samples and their
acid value (d): 1 — initial BRSOD; 2 — oxidized BRSOD; 3 — oxidized BRSOD + 500 mg/kg BHT; 4 — oxidized
BRSOD + 1000 mg/kg BHT; 5 — oxidized BRSOD + 1500 mg/kg BHT; 6 — oxidized BRSOD + 2000 mg/kg BHT; 7
— initial BWFOD; 8 — oxidized BWFOD.

Chromatograms of the initial and threated intensities comparing with internal standard MP
BWFOD samples (Fig. 3a) are totally identical and (retention time about 6 min). The chromatogram of
contain the same peaks, having the same relative BRSOD sample after 6 h treatment without antioxidant
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(Fig. 3b) contains, besides peaks of butyl esters of
main fatty acids (C16:0 near 6 min, C18:1 and C18:2
in range near 18-19 min and C18:0 near 20 min), a
wide variety of oxidation products signals. Among
them there is a set of peaks of light oxidation products
(in range about 2.5-8 min and 13-15 min), as well as
peaks, corresponding to oxidized FABE of C18
unsaturated fatty acids (in range about 28-38 min) and
containing the same number of carbon atoms. All such
compounds are referred as «volatile oxidized
products» in Fig. 2b, while FABE content (Fig. 2a)
takes into account only peaks of component, which are
presented both on the initial and oxidized BRSOD
sample chromatograms. The same signals were
presented in chromatograms of oxidized BRSOD
sample, containing 500-1500 mg/kg BHT. The higher
was the antioxidant concentration, the lower was the
fraction of oxidation products. As for the sample,
containing 2000 mg/kg of antioxidant, its

chromatograms almost did not change comparing with
initial BRSOD and FABE content and AV remained in
the range of biodiesel normative. It is worth
emphasizing, that the total concentration of FABE and
volatile oxidation products was substantially lower
than FABE concentration before treatment and no
other signals were presented on the chromatograms.
This is the evidence of the presence of heavier non-
volatile oligomeric components, formed in course of
oxidative treatment. Such components cannot be
revealed via gas chromatographic analyses, and
believed to be of the similar nature as oligomeric or
dimeric esters, which are presented in wasted oils
transesterification products and complicates the
achievement of target 96.5% ester content in wasted
oil based biodiesel [28]. However, the long-chain FFA
are not determined under the used conditions of
chromatographic analysis also.
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Fig. 3. Chromatograms of butyl esters samples before and after oxidative treatment (6 h): 1 — initial BWFOD; 2
— oxidized BWFOD; 3 — initial BWFOD; 4 — oxidized BWFOD; 5 — oxidized BWFOD + 2000 mg/kg BHT.

Changing of individual fatty acids esters
concentration in result of oxidation treatment are
presented in the Fig. 4. As clearly seen from given
data, predominantly esters of diunsaturated linoleic
acid underwent the degradation. Their concentration
decreased by about 5 times (Fig. 4d), while lowering
of the oleic acid esters content did not exceed one
quarter from initial content (Fig. 4c). The decreasing of
saturated fatty acids esters content was even less
significant. The same trend was observed in the course
of oxidation of BRSOD sample, containing
1000 mg/kg of antioxidant (Fig. 5). FABE content
began to decrease (predominantly due to C18:2 esters)
after vast majority of antioxidant consuming in course
of first 4 h of treatment (Fig. 6).
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It is interesting, that the concentration of C18:2
ester in BWFOD sample, originated from high-oleic
oil, remained unchanged, most likely, due to their
insignificant content (about only 6%). The excellent
oxidation stability of the BWFOD sample is obviously
due to the domination of many times more stable
C18:1 (about 82%) ester in its composition. However,
the presence of the antioxidants in the composition of
initial high-oleic sunflower oil may have separate
influence on the stability of discussed sample.
Tocopherols (vitamin E) are known as the most
powerful natural-occurring fat-soluble antioxidant
[30], their content and isomeric composition have
significant impact on the oxidative stability of
vegetable oils, including high-oleic sunflower oil [31].
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Fig. 5. Changing of the content of FABE (1),
FABE and volatile oxidation products content (2),
C18:2 esters (3), C18:1 esters (4), C18:0 esters (5) and
C16:0 esters (6) in BRSOD sample with 1000 mg/kg
BHT concentration in course of oxidative treatment.

However, the stability of the high-oleic
sunflower oil was shown to be primarily influenced by
its linoleic acid content. Its value lower than 10%
provided excellent frying stability of oil, while C18:2
content higher than named value may be too high to
achieve comparably high performance of oil during
frying [31]. The close trend should be preserved also

Fig. 6. Changing of BHT content (1) and acid
value (2) for the BRSOD sample with initial BHT
concentration 1000 mg/kg in course of oxidative
treatment.

for fatty acids esters, namely for BWFOD sample,
containing only about 6% C18:2 ester. The presence of
tocopherols in BWFOD sample is questionable, since
they may be consumed during utilization of initial oil
in frying, as well as remained mainly in cube residue
in course of butyl esters distillation. However, the
presence of tocopherols cannot be surely excluded
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both for BRSOD and BWFOD samples. The results of
work [32], in which ethyl esters of high-oleic
sunflower oil (78.8% C18:1, 12.5% C18:2) were
synthesized and characterized, looks interesting in this
respect. Ethyl esters samples, purified via water
washing, dry washing and distillation, were all
characterized by unsatisfactory oxidation stability. But
distilled sample has the lowest value of this parameter
(<1 h at 110 °C), which is caused, from our point of
view, by loss of natural antioxidants during distillation.
But, as was mentioned above, initial high-oleic
sunflower oil also contained synthetic antioxidant
BHA (content is not specified), which also may
contribute in the excellent stability of butyl esters. Its
concentration in wasted oil, estimated from
chromatogram, was only about 400 mg/kg. Such a low
content of BHT appeared to be totally ineffective to
prevent degradation of the FABE sample with high
C18:2 ester content. Moreover, BHA was fully
consumed during the oxidation, which did not result in
any changes of the composition of treated BWFOD
sample. At the same time, BRSOD sample began to
degrade before the full consumption of BHT. Thus, the
presence of BHA probably enhanced the oxidative
stability of corresponding FABE sample, in addition to
its high stability due to fatty acid composition.
Nonetheless, the results of current work prove the
wasted frying high oleic sunflower oil as valuable and
very suitable feedstock for biodiesel production. Its
fatty acid composition, free from linoleic acid high
content, provides not only high resistance for biodiesel
oxidative degradation, but also prevents such a
degradation in course of food frying. As result, wasted
oil may contain lesser amount of polar admixtures,
which is favorable for higher biodiesel yield, its easier
purification and higher quality.

As for the chemical composition of the
oxidation products and reaction pathways, leading to
their formation, their elucidation was not the aim of
current study. Much is said on this topic in literature,
but sources mainly deal with FAME [12, 15, 33, 34].
Since the chemical alteration mainly affects the double
bounds in the fatty acids moieties of esters, the nature
of their alcohol moiety should not have the crucial
effect on the oxidation stability. However, the decrease
of induction period of oxidation in row methyl — ethyl
— n-butyl esters were earlier reported [4]. Nonetheless
of the chemical pathways of biodiesel degradation
during oxidation treatment, BHT proved to be efficient
in prevention of formation of both low-molecular
oxidation products and products of oxidative
polymerization. There exists question concerning the
inconsistency of accelerated oxidation tests conditions
to the conditions of long-term biodiesel storage. But
earlier the authors of current work also proved the high
efficiency of BHT antioxidant in preventing the
degradation of butyl esters of linseed and rapeseed oils
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during their prolonged storing at ambient temperature
under free access of the air and light exposure [35].

Conclusions

Results of current study have proven the high
efficiency of alkaline-catalyzed route of fatty acid
butyl esters synthesis using potassium butoxide
catalytic solution. The latter may be produced using
only potassium hydroxide and widespread monohydric
alcohols. Transesterification of oils with n-butanol
proceeds under mild reaction conditions (alcohol-to-oil
molar ratio — 4.5-5.0, temperature — 15 °C, butoxide
loading — 1.4-1.6 %.q. kon) Within short reaction time
(20-30 min) and results in 93-96% molar yield of butyl
esters. The reaction products are separated on its own
mainly in course of synthesis, resulting in formation of
primary glycerol layer, which contains predominantly
glycerol and about three-quarters from loading alkali
(more likely as potassium glyceroxide). Such primary
glycerol layer may be useful for reuse in alkaline
catalysis of oil transesterification or in other processes.
Ester phases contains about 82-83% of butyl esters,
only minor amounts of glycerol and soaps and no
alkaline catalyst.

The sequence of purification operations,
enabling to obtain biodiesel grade butyl esters was
proposed. It includes removing of alcohol under
vacuum, followed by additional phase separation,
washing of obtained upper phase with water and
vacuum distillation of washed butyl esters. In case of
full conversion of fresh high-quality oil feedstock, it is
also possible to obtain biodiesel-grade product without
final distillation step.

The approach to the estimation of biodiesel
oxidative stability, grounded on accelerated high-
temperature oxidation with atmospheric air followed
by gas chromatographic and titrimetric analyses, was
developed. High oxidative stability of butyl esters,
obtained from wasted frying high-oleic oil (87.1% and
6.1% of oleic and linoleic acids), and unsatisfactory
low oxidative stability of esters, originated from
refined mid-linoleic sunflower oil (25.3% and 61.2%
of oleic and linoleic acids), were demonstrated.
Addition of at least 2000 mg/kg of antioxidant 2,6-di-
tert-butyl-4-methylphenol was shown to be able to
improve this characteristic to the level of biodiesel
requirements.
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ByTu10Bi ecTepu COHSIIHUKOBOI 0J1il: CMHTE3, OYMIICHHS, OKHCHA CTA0IIBHICTH
C.B. KonoBaJos, C.0O. 3y6enko, JI.K. [laTpuisk, A.B. SIkoBeHko

ITnemumym 6ioopeaniunoi ximii ma nagpmoximii im. B.I1. Kyxaps HAH Yxpainu, Ykpaina,
eyn. Mypmancora, 1, Kuis 02660, Yxpaina, konovalovserhiy@gmail.com

Jlana poboTa TpPHCBIYCHA ONCP)KAHHIO, OYHIINEHHIO Ta IOKPAIIEHHIO OKHUCHOI CTaOUTEHOCTI MaTUBHUX
OyTHJIOBHX €CTEpiB COHSAIIHUKOBOI OJii SK OLIBII €KOJOTiYHOi aJbTEepPHATHBH METHJIOBUM €CTepaM B pOJIi
Oioamzenro. OmiliHa cHpOBMHA BKJIIOYajia 3pa3kd padiHOBaHO! COHSIIHMKOBOI oiii (kucimotHe yuciao — 0,05 mr
KOH/r; 25,3 % i 61,2 % oieiHOBOI Ta JHOJEBOi KHCIOT) Ta BHUKOPHCTAaHOI B CMa)XK€HHI BHCOKOOJIECTHOBOI
COHSMIHUKOBOI omii (kuciaotHe yucio — 1,20 mr KOH/t; 6,1 % 1 81,7 % niHosieBoi Ta 0j1€THOBOT KUCiI0T). ByTaHomis
MPOBOAMIM 3a ydacTi OyTokcunay Kamiro, onepxanoro 3 KOH Ta cnupriB 3a OpUTiHAJIBHUM 3alaTeHTOBAHUM
croco0oM, 3a M’SIKMX YMOB (MOJIIpHE CHiBBiAHOWIEHHS ciupTy 1o odii — 4,5-5,0, 15 °C, 1,4-1,6 Yexs. koH OyTOKCH LY,
20-30 xB). Byno onepxaHo BHCOKWI MOJNSApHHN BHXin OyTHIOBHX ectepiB (93-96 %), a riimepuH Ta OCHOBHA
YacTHHA JIy>)KHOTO KaTajiizaropa gopMyBaiu OokpeMmy (a3y HpOIYKTiB BKe MepeBakHO B Xoli peakiii. EctepoBy
a3y migmaBaTy OYMIICHHIO 3 METOI OJepXKaHHS OYyTaHOIBHOTO OiONW3EI0 MAJMBHOI SKOCTi. 3pa3Ku Micis
BHIAJICHHS OyTaHOIY IMiJ BaKyyMOM, HACTYITHOTO PO3MIApyBaHHS Ta BIAMHBKH 1 CYIIIHHS BEPXHBOI 3 OIEPKaHUX
(a3 xapakTepu3yBaIHCs JCII0 3aHIKEHUM BMICTOM ecTepiB (94-95 %), a BMICT riinepuiiB 6yB BHUIIE T03BOJICHOTO
piBHsA. BakyymMHa IUCTWIIALIS SIK KIHIICBHM €Tan OYHMIICHHS JIO3BOJIMJIA TOKPAIIUTH CKJIAJ MPOIYKTIB JI0 PIBHA
BAMOTO J0 Oiogm3enpHOTOo manuBa. Juctmnsatn wictwmm Onm3pko 99 % OyrunoBux ecrepis, 0,4-0,5%
MOHOTJIIEPUIIB, a H-OyTaHOJ, TIIIepHH, I1- Ta TpUrIinepuan Oynu ¢paktudHo BiacyTHi. OxucHa 06podka (110 °C,
6 rom OapOOTyBaHHs TIOBITPS) MPOJEMOHCTPYBala BHCOKY OKHCHY CTaOUIBHICTH 3pa3Ka, OJIEPXKAHOTO 3
BUKOPHCTAaHOI BUCOKOOJIETHOBOI OJIii, 3aBSKN JOMiHYBAaHHIO B HOTO JKHPHOKUCIIOTHOMY CKJIaJli OJIETHOBOI KHUCIIOTH.
3pa3ok Ha OCHOBI padiHOBaHOI Ol (TTepeBaKHO JIIHOJIEBA KUCIIOTA B YKUPHOKHUCIIOHTOMY CKJIafi), MPOIEMOHCTPYBAaB
Iy’Xe HU3bKY CTabuIbHicTh. Byno mokasaHo, mo BBeneHHs npuHaiiMHi 2000 Mr/kr aHTHOKCHIaHTa 2,6-TU-TpeT-
OyTmi-4-MeTriheHOTy CIpHsi€ MOKPAIICHHIO JaHOT XapaKTePUCTHKH JI0 PiBHS BUMOT 110 010IM3€IHHOTO HallNBa.

Knrouoei cnoea: OyTHnoOBI ectepw >KHPHHX KHCIOT, Oioqu3enpb, Kalito OyTOKCHJ, OKHCHA CTaOUTBHICTD,
AHTHOKCHJIAHT
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B kommiiekciB MoO2(V1), Zn(11), Cu(ll) Ta Mg(ll) 3
N-MeTH/IIeKAHOTIAPOKCAMOBOK KHCJIOTOK HA TEPMOOKHCHIOBAJIbLHY
CTa0IIbHICTH 0ioaU3e/10

JI. I. KoBaJn, B. 1. /131004, B. 1. Ilexnbo

Inemumym 3azanonoi ma neopeaniunoi ximii im. B.1. Bepnaocwvkoeo, Hayionanoha akademis nayk Yxpainu,
np. Ilaanaodina, 32/34. Kuis 03680, Yrpaina, |_koval@ionc.kiev.ua

Tnobanvri 3minu kiimamy ma kamacmpo@iune 3a0pYOHEeHHsT HABKOIUWHBLO2O Cepedosuyd 00yMOBaI0INb
HEYXULHO 3pOCMaroyuil inmepec 6 c8imi 00 0i0-06a308aHUX MEXHIYHUX PIOUH, 30KpeMd, I 00 MACMUIbHUX MAMepPIanis.
s noeroi 8i0n0GIOHOCMI OCMAHHIX CYYACHUM €KOJIO2IYHUM GUMO2AM, NPUCAOKU, WO 8800amb 00 IX CKIady, He
NOBUHHI Micmumu Hebe3neuHux Ons O06KINIA KOMNOHeHmie ma 3abe3neuysamu Hpu YbOMY MAKCUMATbHY
MePMOOKUCHIOBANbHY — cmabinbHicms — macmuia.  Cymmesum — HeOOAKOM — Ouankiioumiokapbamamie  ma
ouanxinoumiogpochamie yurKy, wo Hapa3i WUPOKO GUKOPUCTHOBYIOMbCS SIK BUCOKOCHEeKMUBHI NONIQYHKYIOHATbHI
npucaoku, € 6Micm eKOMOKCUYMHUX CIpKO- ma ¢hocghopopeaniunux cKk1adosux. Y 368’a3Ky 3 yum nepcnekmueHuUMU
MOJCYmb cmamu KOMnaekcu Oiomemanie 3 2i0poxcamposumu Kuciomamu. B pobomi npedcmasneni pesynvmamu
docnidoicennss enaugy Koopounayitnux cnoayk M0Ool,, ZnL,, Cul,, Mgl: 3 N-memunodexanoziopoxcamogorw
kucromoro (HL) ma cymiwen MoO:L, 3 mpem-6ymuikamexonom ma 2,6-0u-mpem-oymun-4-memungpenonom
(i0HOIOM) HA OKUCHEHHA OUCMUNbLOBAHUX MEMULOBUX eCMeEpi6 JHCUPHUX KUCIOM COHAWHUK0GOI onii. Haseodeni
MEMOOUKU CUHmMe3y Ma CHeKMpPANbHI XAPAKMePUCMUKY HOBUX 0IiC-2i0pOKCAMAMHUX 20MOLENMUYHUX KOMNIEKCI6
Mg(ll) ma Zn(ll). Tlpomuoxucui enracmugocmi KOMUAEKCI8 V CKAAOL MOOEIbHUX PO3YUHIE SUZHAUATUCL MemOOOM
NO2IUHAHHA KUCHIO 8 cepmemuuniti cucmemi npu 110 °C. Bcmanosneno, wjo KOMRIIEKC MAZHIil0 He 6Naueac Ha
OKUCHEHHsL cybcmpamy, KOMNJIeKC MIOi 68 YyMO8AX eKCNepUMEHMY pO3KIA0AEMbCs 00 Memanesoi Midi, sAKa €
npoMomopom oKkuchenns. Komniexcu yunxy i moniboeny nposeiawoms eiacmugocmi anmuoxcuoarnmie. Ilokasamo,
wo epexmuenum cnigkomnonenmom 0 MoOzlo ¢ ionon, ane egexmy cumepeizma npu yvomy He 6usereHo. 3
VPAXYBauHAM SUCOKUX mpubonociunux xapaxmepucmux xomniexc MoOsl, e nepcnexmuenum npomomunom ons
PO3pOOKU NONiIYHKYIOHANLHOI eKobe3neunoi npucaoku 00 MOBAPHUX MACMULbHUX KOMNO3UYIL HA OCHOBI 6io0u3enio.

Knrouoei cnosa: Gic-rizpoxcamatHi KOMIUIEKCH, MarHiid, TUHK, MOJIO/IeH, Millb, O10M3€Ib, METHIIOB] ecTepH
KUPHUX KHCJIOT, aHTUOKCHIAHTH, MACTHIIbHI KOMIIO3HIIi.

Bcmyn nporaoM [3]. B 3B’s3Ky 3 UM BHKOpHCTaHHS 0i0-
I'moGanpHi 3MiHU KJIiMaTy Ta KaTacTpodidHe IU3eNI0 B TPOBIIHUX KpaiHax CBITY HEYXWJIBHO
3a0pyIHEHHS HaBKOJIMIIHBOTO cepeoBHIIa 3pocTae, BCymneped Pi3HUM EKOHOMiYHUM YHHHHUKaM.

OOYMOBIIIOIOTh HEYXWJIBHO 3pOCTAlOuMil 1HTepec B
CBITI JI0 €KOJIOTIYHO-YMCTUX TEXHOJIOTiH Ta MaTepia-
miB. 30Kpema, Ie CTOCY€ThCS 1 MAaCTWIBHUX OJIUB,
0a30BaHMX Ha BiJHOBIIOBaHI POCIMHHIA CHpPOBHHI
(6iommsemni) [1]. TlopiBHstHO 3 HadTO- MPOAYKTAMH
0ioan3enb, SK MPOAYKT MEPEepOOKH POCIMHHHX OJii,
Ma€ CYTTE€BI €KOJIOTiYHI IiepeBard: HE MICTHUTh
TOKCHYHHX  PEYOBHMH, Ma€  BHUCOKUI  CTYIIHb
010JIOTIYHOTO PO3KIIAy 33 BiJTHOCHO KOPOTKHH Mepio,
KpiM TOrO TpH BHUKOPUCTAaHHI Oi0OAM3ETI0 CYTTEBO
3MEHIIYEThCH eMicisi B arMocdepy BCIX IIKiTHBUX
PEUYOBHH, i 30KpeMa IMapHUKOBHX Ta3ie (6iomaca € CO;
He#TpanbHo10). KpiM Toro, 6iomusenb, Mae BigMiHHI
TpUOOJOTiYHI XapakTepucTuku [2], ocobmuBo, 1e
CTOCYETRCS TIPOAYKTIB TepeecTepedikarii METHIOBHX
(eTWJIOBHX) ecTepiB IKUPHUX KHUCIOT TPHMETHIION-
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BupoOGHHIITBO Ta BUKOPUCTaHHS ITaIMBHO-MaCTUIEHUX
MaTtepiaiiB 3 010U3ENI0 € BAXKIIMBHUM 1 sl YKpaiHu B
KOHTEKCTI  CTpaTeriuHoro Kypcy JI0  €Hepro-
HE3aJIKHOCTI Ta KIIMAaTUYHO HEHTPAIbHOI €KOHOMIKH
[4], a Takoxk 3 ypaxyBaHHSM BEJIMKOTO MOTCHIATY
JIOCTYMHOT i mepepoOKku OioMacu Ta HarajibHOI
MOTpeOu MOKpaIIeHHs CTaHy JTOBKiLLs [5].

KinrouoBuM MOMEHTOM y po3poO0Ili Ta BIIPO-
BaJ/DKCHHI 010-0a30BaHUX MACTHJILHUX MaTepialiB, 110
CXWJIBHI IO OKMCHEHHS Ta MOoNiMepu3alii 3a paXyHOK
(GparMeHTIB HEHAaCHYEHHX JKUPHUX  KHUCIOT, €
BBEJICHHS €(EKTHBHUX MAOJATKiB-aHTHOKCHAAHTIB 3
OIMPOKAM  CIEKTPOM  iHIIMX  XiMOTOJIOTiYHHUX
BractuBocter [1]. Cepen mupokoro kona iHriGITOpiB
OKHCHEHHS BHUKIIMKAIOTh YBary METaJIOKOMIUIEKCHI
AQHTUOKCHUIAHTH, JUIS SIKHX MOXJIMBHUH OaratopazoBHi
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OOpHB JIAQHI[IOTIB OKHMCHEHHS Ha OJHIH MOJIEKyi
inriditopa (xarami3z) [6]. Cooayku MetamiB 3
OpPraHIYHMMH JraHAaMyd SK I1HTiOITOpH OKHCHEHHS
XapaKTEPHU3YIOThCS  BHCOKOIO  €(EKTHBHICTIO IIpH
manux pobounx konuentpauisx (0,01-0,5% wmac.),
MaJIOI0 BUTPATOIO iX y X0l iHriOyBaHHA OKMCHEHHS 1
3IaTHICTIO pO3KIIamaTH TLAPOTIEPOKCHIN bi (o)
MosekysipHux — npoaykrie  [7].  Kpim  Toro,
KOOpJMHALIIMHI CIONYKH Yy CKIaai 0a30BUX OJIUB
MiHEpaJILHOTO Ta Oi0JIOTIYHOTO MOXOMKEHHS MOXXYTb
BHUCTYNATH SK TONI(QYHKIIOHAIBHI JOAATKH, TOOTO
MIPOSBISIOTH MPOTHOKHCHI, aHTUPUKLIAHI,
MPOTHU3HOLIYBAJbHI, MPOTHpalialiiiHi, OakTepuLUAHI
Ta iHmi Baactusocti [8].

EdexTuBHICTP METaIOKOMIUIEKCHUX aHTHOK-
CHIIAaHTIB OOYMOBIIIOETHCSI TPHPOJOI0 LEHTPAIBHOIO
aToMa, eJIeKTPOHHUMH Ta CTEPUYHHMH BIIACTUBOCTSIMH
3aMICHUKIB y JIiTaHIAX, CTEPEOXiIMi€l0  KOpIH-
HaIIHHOTO  By3/Ma, TOJNAPHICTIO CepelioBHIA Y
piavHHO-Qa3HUX peakUisfiX, OyIOBOIO Ta OKUCHO-
BiJTHOBIIIOBAJGHUMH BJIACTHBOCTSIMH  IT€POKCHIIBHUX
pamuKaiB, 110 € HOCISIMHU JIAHITIOTIB OKUCHEeHHs [9].

3a miteparypuumu jmanumu  [10]  aHTR-
OKCHIAaHTHA €()EKTHBHICTH KOMIUIEKCIB, AKI MIiCTATH y
KOOpAMHAMLIAHIN cepl aTOMU CipKH Ta a30Ty, CyTTEBO
BUIIA 332 KOMIUIEKCH 3 AarOMaMH KUCHIO Y
koopauHamiinomy ortouenni: M[S,S]2 j M[O,N]. j
M[O,0],. Tak, MeTaJOKOMIUIEKCM Ha  OCHOBI
muankiuriopocdarie  Ta  qUANKUIAUTIOKapOaMaTiB
NPOSBISIOTh BHCOKY AHTHOKCHAAHTHY aKTHBHICTB Yy
CKJIaJli OJIMB Ha MiHEPaJbHIN Ta POCIMHHIA OCHOBax
[11]. Hanpuxkmaz, mis qutiodocdaris [(RO)P(S)S]:M
B CKJIaJli MiHEpAJIbHOT OJIMBH HABOAUTHCS TAKUH PsiJ
3MeHmIeHHs mpotuokucHoi epexrusHocti [10]: Co, Ni,
Zn, Cu, Cd, Ba, Ca. uankimauriokapbamaru Ta

JUAIKUIIATIO tdocharu LUHKY IIUPOKO
3aCTOCOBYIOTbCS ~ SIK  1HTIOITOpM  OKHUCHEHHS B
TEXHITHUX OJINBAX. Kpim AHTUOKCUAAHTHOI

AKTUBHOCTI OCTaHHI, MPOSBISIOTh TAKOX CYTTEBY
NPOTU3HOWIYBAJIbHY Ta AHTHKOPO3iHHY Ail0 1 TOMY
3aCTOCOBYIOTBHCSI SIK TOJI(YHKIIIOHAIBHI  JIO/IaTKH,
30kpema, muasikimautiopocdar nuaky (Zn(DDTP),)
OyB 3amareHtoBanuii me B 1944 p [12]. CyrreBum
HEMONMIKOM IMX CHOJAYK € 1X eKOTOKCHYHICTh,
BHACIIIOK MPHUCYTHOCTI ¢ochop- Ta CipkoopraHigHUX
(¢parMeHTiB. Y BIAMOBIAHOCTI 10 Cy4acCHHUX >KOPCTKHX
EKOJIOTTYHMX BHMOT JOJATKU [0 010-0a30BaHHX OJIMB
HE TIOBHHHI MICTUTH KOMIIOHEHTIB, IOTEHIIHHO
HeOe3meunux st goBkiuwia [13]. V 38’s3ky 3 umm, 3
MO3ULIII 010MIMETHYHOTO miaxomy [14],
MIEPCIIEKTUBHUMU € KoMIuiekcu OiomeraniB (Mo, Cu,
Zn, Mg Ta iHIIL) 3 TiAPOKCAMOBHMH KHCJIOTaMH, IIIO
MOaU(DIKOBaHI MACUBHHUMH aJKIJTbHUMU 3aMiCHUKAMU

TSt 3a0e3MeYCHHS BHCOKOT PO3YHHHOCTI
(mimodimeHOCTI) B eCTEPHHX OpraHiYHUX
cepeloBHIIAX.

Sk BiZOMO, TiIPOKCaMOBI KHCIOTH € TMAaCTKaMH
KOPOTKOXKHBYy4MX  paukamis  [15].  VimosipHo,
MeTalioXelaTd Ha iX OCHOBI 3JaTHI TaabMyBaTH
AyTOOKHCHEHHS OPTaHiYHUX CyOCTpaTiB B PEAKIIifX,
JIOKAJIi30BaHUX SIK HA JITaH[i, TaK i Ha EHTPATBHOMY
atromi (y Bumamky mnepexignux wmertarmiB) [6]. Tak,
BiIOMUIl TIPOMHUCIOBHHA momaTok IM-28 Ha OCHOBI
KOMIUIEKCY HIKEII0 3 TiIPOKCAaMOBHUMH KHCIIOTaMHU
(NiL’2), 1m0 3acTOCOBYETBCS Yy CKIQai MAaCTHII
(BHacmigok OOMeEXeHOI PO3YMHHOCTI B 0a30BUX
ONTMBaxX), 3a TPHUOOJOTIYHOIO 1 TPOTHOKHUCHOIO
edpextuBHicTiO Tepesuirye Zn(DDTP), [16]. Takum
YMHOM, I8 KoMIuiekciB 3 N-mermnnmexaHo-
TiIAPOKCAaMOBOIO KHCIIOTOIO TaKOXX MOXHa OYIKyBaTH
AHTHOKCUIAHTHOI aKTUBHOCTI.

Y Hammx TOmNepeaHiX MOCHTIKeHHAX OyIo
mokasano, mo kommaekc Mo(VI1), Cu(ll) Ta Mg(ll) 3
TiIAPOKCAMOBUMH KHCJIOTAMH y CKJIaJi MOJEIBHHUX
MaCTHJIbHUX KOMITIO3UIlii Ha OCHOBI eTWLIaypaTy
MIPOSIBIISIIOTh  BIIACTUBOCTI €(EKTUBHUX MACTHILHUX
monatkiB. OKpiM BHICOKMX NPOTH3HOIIYBAJBLHUX Ta
AHTH(PPUKIIHHUX BIACTHBOCTEH, KOMILICKCH-0JIATKU
AKTUBHO BIUIMBAlOTh HAa MIKPOCTPYKTYpY Ta CKJIaj
TEPTHOBUX IOBEPXOHb, BHACIIIOK MPOHUKHEHHS IX
€JIEMEHTIB SK JIETYBALHUX JOMIIIIOK BIIINO MeTajIeBOl
marpui Tin  Tteprs [17, 18]. Merowo aaHoro
HOBIIOMJIEHHS € JOCIIIKEHHS BIUTUBY N-
METHIIIEKAHOT1 IPOKCAaMOBOT CyH1CON(CH3)OH
kucnotn  (HL), xommiexkcie MgL,, Cul,, ZnlL,,
MoO:L, na ii ocHoBi Ta cymimeidr MoO.L, 3 mpem-
OyTmikarexojioM Ta 2,6-mu-mpem-0yTUin-4-MeTHII-
¢enomom  (i0OHOJIOM)  HAa  TEPMOOKHCHIOBAJIBbHY
CTaOlIBHICTE JUCTHIBOBAHUX METHJIOBUX €CTEpIB
KUPHUX KHCJIOT COHSIIHUKOBOI OJii Ta OIliHKa
BKa3aHMX KOMIUIEKCIB SIK IOTEHI[IWHWUX  IIOJIi-
(YHKI[IOHATBHUX ~ JIOJATKIB 70  OiOMacTUIBHHX
KOMITO3HIIIH.

Excnepumenmansvha wacmuna

Jns cuHTE3y KOMIUIEKCIB BHUKOPHCTOBYBAJIH:
tonmyon, mumerundopmamin (AM®DA), xmopodopm,
rekcan, 6e3somuuit MgCl,, MomexymstpHi cura 4
bipmu  Merck, Tpuermnamin (umcrora > 99,5%),
muetuiak (1 M posuun B rekcani) dipmu Sigma-
Aldrich, ZnO (,x4”) Bix HB® "Cunbuac". N-
METHJIICKAHOT1IPOKCAaMOBY  KHcHoTy.  Kommnekcu
Momioneny MoO;L, ta mimi Cul, cuHTesyBanmu 3a
METOANKAMHU, 10 omucani BiamosiaHo B [19] ta [20].

Cunmes  0ic(N-memunoexanoziopoxcamamo)
maznio().
Ho po3zuuny nponiranay (HL) (4,0 r, 0,02 monp) Ta
tpuetmnaminy (2,02 r, 0,02 monp) B cyxomy MDA
Py IHTEHCHBHOMY TIepeMilllyBaHHI B armocdepi
aproHy IO KpalusiM J0AaBajld PO3YUH XJIOPUAY
marairo (0,951, 0,01 wmomp) B cyxomy JIM®DA.
3arpy3Ky BUXiJHUX PEarcHTIiB 1 peaKiliro MPOBOJUIHN B
MOBHIA 130Jma11ii  Bim armocdepHoi Bojoru. Jlami
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peakiiiHy CyMill TmepeMillyBaid Ie 3 TOAUHHU 1
saqumany Ha § roxuH. [loTiM BindinbTpoByBanu
o0’eMHHI Oimuil ocaag LiTBOBOTO TPOAYKTY Ta
(C2Hs)sN'HCI (TBepamii 3aaHIIOK IICIsA BHIIAPIOBAHHS
¢inetpaty y  Bakyymi 25 rlla  BiacytHil).
(CoHs)sN'HCl  Bupmansnu  1muissxoM  iHTEHCHBHOTO
TIepEeMIIITyBaHHs 3 TUCTHIHOBaHOIO Bozoro. Kinresuit
mpoAykT cymwmm y Bakyymi 12 Ila mpu 60 °C
npotsiroM 2 roj. Buxin 87 %. Ty, 194-196 °C. Ananis:
pospaxoBano i CHaaN20:Mg (MW 424.90) (%):
C, 62,19; H, 10,44, N, 6,59; 3naiineno (%): C, 62,34;
H, 10,38, N, 6,50; I4-ciextp (KBr, cm™): 2963, 2925,
2854, 1617(m), 1537, 1515, 1502, 1488, 1464, 1429,
1376, 1230, 1201, 1144, 1117, 1099, 1069, 1053, 985,
965, 872, 799, 762, 729, 711, 641, 592, 501, 479, 446,
407. *H SIMP (400 MI'u, CDCls, 25°C, TMC), §, m.u.:
3,37 m (3H) (N-CHa), 2,20 m (2H) (B-CH2), 1,55 m
(2H) (y-CHy), 1,25 m (12H) ((CH2)s), 0,88 T (3H)
(CHs3).
Cunmes 6ic(N-memunoexanociopoxcamamo)

yunxy(1l).

Merton 1. Hasaxky ZnO (0,005 moms, 0,407 1)
PO3YMHSIIM B PO30aBieHii comstHii kucioTi (5 ma 2 M
HCl ta 35 mn mucTuinboBaHO! BOAM), MYTHYBATHIA
po3unH QinbTpyBanu. o omepkaHOTO TIPO30POTO
¢bimeTpary (40 mn) momaBaym posumH 0,01 Moms
(2,01 r) BuxigHoi rimpokcamoBoi kuciaoTH B 40 M
eranony. Jlo oxmepxanoi romorennoi macu (pH 1,67)
MIpH IHTEHCUBHOMY TIepeMilTyBaHHi Ta KoHTpoxi pH mo
kpamisx goxaBanu 15%-uit pozunn NaOH 1o 3naveHs
pH 5,45. PeakuiliHy cymill nepeMillyBajid MPOTSATOM
1 rox. (3HaueHHs pH mporsrom mnpOro wacy He
3MIHIOETBCS), OCal, M0 TPH [bOMY YTBOPIOETHCH,
BiAQiIBTPOBYBAIN, MPOMHUBAJIM Ha (inbTpi HOeKinbka
pasiB cymimmito etanon/oga (1/1), kpucranizyBanm 3
eraHony npu 5°C, cymmnu Ha nositpi. Buxig: 1,90 r,
82 %. T, 174-175 °C. Amnaimi3: po3paxoBaHO [yis
C22HaaN204Zn (MW 465.98) (%): C, 56,70; H, 9,52;
N, 6,01; suaiineno (%): C, 56,85; H, 9,46, N, 5,93; T4
ciektp (KBr, cm™): 2962, 2925, 2852, 1621, 1484,
1461, 1427, 1377, 1225, 1144, 1117, 1099, 1062, 981,
960, 876, 795, 727, 712, 635, 588, 501, 478, 415, 387,
364. 'H SIMP (400 MT'u, CDCl3, 25°C, TMC), 8, m.u.:
3,43 (3H) (N-CHz3), 2,31 m (2H) (B-CHy>), 1,61 m (2H)
(y-CH>), 1,25 m (12H) ((CHa)s), 0,88 T (3H) (CHa).

Meton 2. Jlo po3uuHy CBIXXOIEPErHAHOTO
mporiragay (0,005 wmoms, 1,0 1) B 100 M™MI
cBiKomepernanoro Hajx Na Tonyosdy B cTpyMi apromy,
npu -10 °C Ta IHTCHCHBHOMY MEpeMillyBaHHI
JO0AaBalIM Mo Kpammix 2,5 mi 1M po3uuHy B rekcaHi
Zn(CzHs)2 (0,0025 monk). Bei onepartii 3zilicHIOBaNH 3
BUKOPHUCTAaHHSIM NPHUHOMIB, IO 3aCTOCOBYIOTHCS B
CHHTe3aX JiTidopraHiuamx cmomyk [21]. [licns
3aBEpIICHHS [JI0J[aBaHHsA JUCTWIIHHKY, peaKuiiHy
CyMIll TEpEeMINTyBaJIM B CTPyMi aproHy IpH
MOCTYIIOBOMY CaMOBIUIFHOMY HAarpiBi OXOJIOKYHOUOi
Oani 10 kiMHATHOI Temmeparypu (+16 °C), 3anumanu
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Ha 12-14 rogun. [IpoayKT BUIIISUIA KPUCTATI3AIIIE 3
peakmiitHOi cymimi mpu -5 °C micis monepeaHbOoro
BUJAJICHHSI YacTUHH pO3YMHHHKA Y BaKyyMi, B
nexinpka cragiin. Ocan Ha QiTBTPI MPOMHUBAIIN TPHOMA
TTOPITiSIMHU TeKcaHy, CYTIVITA Ha TOBITPI,
KpHUcTanizyBaiu 3 Tonyorny mpu 5 °C. Buxix: 0,95 r
92%. Cromyky ineHTHGIKYBaTd 110 TeMIeparypi
IUIaBJICHHS, a TakoX TopiBHIOlOYM [Y-criekTpu
3pa3KiB, ojiepKaHUX 32 MeTouKamu 1 1 2.

EnemenTHuit aHami3 MPOBOIUIN Ha
anamizaropi CARLO ERBA 1106. IY-cmektpu
peectpyBanu B Tabnerkax KBr B o6macti 4000-400 cm™
! ga cnektpomeTpi «Specord M-80», 1o ocHareHuH
IBM-cymicHoro omepariitHoro cucremoro. ‘H SMP-
cnekTpu peectpyBaau B po3unnax CDCl; na mpumani
BRUKER AVANCE 400 mpu 400 MIm, 25 °C,
BHYTpilHi# ctangapt - TMC.

JlocmimKkeHHsT TPOTHOKWCHUX BJIACTHBOCTEH
CHHTE30BaHUX KOMIUIEKCIB TMPOBOJIWIN 32 METOJIOM
[22, 23], mo monsrac y BH3HAYEHHI I1HIYKIIHHOTO
Nepiofly OKHCHEHHS OpraHiyHoro cyocrpaty B
TePMETHYHI CHCTEMi B YMOBax IIPHUCKOPEHOTO
OKHCHEHHSI. YMOBHU EKCIIEPHMEHTIB: OKHCHIOBAJIBHHN
cyOcTpaT — AWCTHILOBAHI METUIIOBI €CTEpU KHUPHHUX
kucioT cousmuukoBoi omii (MEXKC), okxucHuk —
KuceHb Tasomomibumii  (99,7% O), itemmeparypa
110 °C, xonmeHTpamii JOCHiIKYBaHHX  CIIOIYK-
agTuokcuaanTis cxiagana 0,01 Tta 0,001 moins/n
cyOcTpaty; mpu jociimkeHHi cymimeir MoOL, 3
OpraHiYHIMH AHTHOKCUIAHTAMHU KOHIIEHTpAIlis
KOMILJIEKCY CKJajaja 6x10* Ta 12x10* wmos/n,
KOHIICHTpAIlii mpem-0yTHIKATEX0IIy Ta 10HONYy —
6x10™ momb/n cybeTpary. 3pasku A1 eKCHepUMEHTIB
TOTYBAJIM IIIJISIXOM 3MIIIyBaHHS pO3PaxOBaHUX 00’ €MiB
OKHCHIOBAILHOTO CyOCTpaTy Ta METAaHOJbHHUX YH
TONYONBHUX  PO3YHMHIB  JIOCHIIKyBaHHX  CIOJYK-
AHTUOKCUIAHTIB TOYHOI KOHIICHTpAIlii 3 IOMAJIBIIIM
BUJAJICHHSM OPraHiyHOTO PO3YMHHHMKA y Bakyymi. B
IICHTUYHUX yMOBaxX MPOBOJAWIM JiBa TOCIIIOBHI
BHUMIpIOBaHHSI.

Pe3ynomamu ma ix 062060pennsn

B miteparypi BiCyTHI 1aHi CTOCOBHO CHHTE3Y
Oic-TimpOKCaMaTHHX TOMOJICITHYHUX  KOMILIEKCIB
Mg(ll) ta Zn(ll), omke akTyanbHOW € po3podOKa
METO/IiB CHHTE3Y OCTaHHiX.

Kommureke MgL, cuHTE3yBaim B CyXHWX yMoO-
Bax 3 BUKOPUCTAHHSM O€3BOJHOI COJIi Y BiJIIOBIIHOCTI
JIO CXEMH:

+2 (CoHz)sN
T’ MgLZ +2 (C2H5)3N‘ HCI

2 HL + MgCl,
Kommekc Znl, TakoX CHHTE3yBaIM B YMOBax
i307s1i1 Bif aTMOC(EpPHOI BOJIOTH 3 BHUKOPHCTaHHAM
METaJIOOPTAaHIYHOTO MPEKypcopy — AUETHIILMHKY.
€IMHAM TOO0IYHMM TPOAYKTOM peakilii y ITaHOMY
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BUITIAAKYy € CTaH, HOI0 JICTKO BUAATIAETHCA 13 30HH
peaxiii:
-10°C
Zn(C,Hg), + 2HL ——— ZnL, + 2CyHgt
(CoHs), Toluene 2
KpiMm Toro, KoMIuieKC UUHKY CHHTE3yBajH
ATbTCPHATUBHUM METOJOM, Y BOJHO-CITHPTOBOMY
cepemoBuIi pu KoHTpoJi pH 3a cxemoro:

2 NaOH, pH 4,5
C,H50H / H,0

2HL+ ZnCl, ZnL, + 2 NaCl

OneprkaHHS TPOIYKTIB OJHOTO CKJIAAy Pi3HUMH
METOJaMH - 3YCTPIYHHMN CHUHTE3 € OJHHM 3 JIOKa3iB
XiMiyHOT OyZOBH CHHTE30BaHMX KOMIUIEKCiB. Ha
BimMiHy Bim ZnlL,; KOMIUIEKC MarHiro y BOJIHO-
CIIHUPTOBOMY CEPEIOBHII OTPUMATH HE BAAIOCH.

Jlani I4- ta 'H IMP-cnekrpockomii
MiATBEPKYIOTh YTBOPEHHS KoMmIulekciB MgL, Ta
Znl,. Y BHCOKOYACTOTHIM 00JacTi cHekTpa Ipu
KOMILJIEKCOYTBOPEHHI 3HUKAE XapaKTEPUCTHYHA CMyTa
BaneHTHHX KommBawb Tpymu (OH) (3141 cm™).
YacToTH KOJAMBAHB OB’ sA3aHUX 3 MeTamoM rpyi (C-O)
MaibKke He BIAPIZHAIOTHCS Bi YacCTOTH KOJWBAHHS
rpynu  (C=0) BiIBHOI TiJPOKCAMOBOI  KHCJIOTH.
CyTTeBO 3MILIY€TbCS NPH KOMILUIEKCOYTBOPEHHI Y
HU3BKOYACTOTHY OOJIaCTh CIIEKTpa MYJIBTHIUIET MpPU
1490 cm™ i nposBaserhea B IU-creKkTpax KOMILIEKCIB
6m3pKo 1450 cm™t,

XiMigHI 3CyBHM CHTHANliB TIPOTOHIB Ta iX
interpaneHi  inTeHcuBHocti B 'H SIMP-cmextpax
MiATBEPKYIOTH ~ OYiKyBaHy  OyZoBYy  MeTano-
KoMmIuiekciB. llpu 1pOMy y CHEKTpaX KOMILIEKCIiB
BiacytHii curHan OH mporony (8,52 wm.u.)
HE3aKOMIUIEKCOBaHOTO mponiranny. [lopiBHsHO 3
BUIBHUM TIPOJIITAaHJIOM CIIOCTEPITa€ThCsl  3MIIICHHS
PE30HAHCHUX CHUTHAIIB TMPOTOHIB METWJIBHOI TPYyIH,
10 TOB’SI3aHA 3 aTOMOM a30Ty y ciadke mone Ha 0,08
ta 0,02 m.u. BignoBigHo ;g Znl, ta MgL,. Curnanm
npotoHiB rpyn B-CH> ta y-CH» 3MminnytoTeest y cuibHe
noJjie, NpuYoMy B OUIbILIIH Mipi B CIEKTPI MarHi€BOro
komruiekcy.  CrmekrtpanpHi  xapaktepuctukun  N-
METHJICKAHOTIIPOKCAMOBOI ~ KUCJIOTH,  KOMILJICKCIB
mounioneny MoO,L, ta mini CuL; naBeneno B [19] ta
[20].

OnTtuMaapbHUM — CyOCTpaTOM IS OIIHKH
MPOTHOKUCHUX BJIACTHUBOCTEH MOTEHUIHHUX
METAJIOKOMIIEKCHUX aHTHOKCHIIAHTIB U1 OJINB Ha
POCIIMHHIW CHPOBUHI € JUCTHIIHOBAaHI METHIIOBI €CTEPH
JKUPHUX KHUCIIOT COHSIIHUKOBOI OJIii, 110 HE MICTATh
MPUPOAHUX AHTUOKCHAHTIB. OcHOBHUMHU
xapakrepuctukamn  MEXKC sk cybOcrpary ans
AQHATITUYHUX BHUMIPIOBaHb € XUPHOKUCIOTHUH CKIan
(BmicT MerwuriHONeary Oimbme 50%) [23] Ta

nepekucHe uucio (1Y), ducrunboBani MEXKC
CXWIBHI [0 IIBUAKOTO OKHCHEHHS, BHACIIIOK
BiICYTHOCTI NPUPOJHUX AHTUOKCUAAHTIB, B 3B’SI3KYy 3
muM  Bci  Mawimymsmii 3 MEJXKC  weoOxigHO
MPOBOJMTH B aTMoc(epi aproHy Tak, K Ipu podoTax 3
JTIHOpraHi YHUMHU CHOIyKaMH [21]. Hamu
BCTAHOBJICHO, IO TIPU IEPIOAUIHOMY BHKOPHUCTAHHI
cyOcTpaTy nmpoTsarom Tprox micsmis [14 He nepesurrye
3HaueHHs 4,0 mmois (/20)/kr (BU3HAYESHHS TIPOBOAMIN
y BianosinHocTi g0 cranaapty AOCS Official Method
Cd 8 53 (Peroxide Value Acetic Acid-Chloroform
Method)). Takum unHOM, HajiiiHA 130JIS1Iis BiJ] KHCHIO
Ta BOJIOTH TOBITPA Ha CTafil MUCTHIALII, 30epiranHs
Ta Bimbopy 1mo3 cyOcTpaTy TrapaHTye — HOTo
MPUIATHICTD, 10 MOKAa3aHO HAMH Ha MPUKIAIl mpem-
OyTHJIKaTexolny, Ta JUEeTHIAWTIOKapOamMaTy IMHKY
[23].

Brutus HL ta xommiekciB MgL,, Cul,, ZnLo,
MoO,L, Ha ii OCHOBI Ha OKHMCHEHHS IUCTHILOBAHUX
MEXKC mnokazano Ha puc. 1. Y Bcix Bumajakax Ha
KIHETUYHUX KPUBUX OKHCHEHHS CyOCTpaTy BiACYTHIN
nepiox  iHAYKOil, ajge T[pH  LOOMY  CYTTEBO
BiJIPI3HAETHCA MEPiO Yacy T, 3a SKUH B TePMETHYHIN
cHCTeMI MajAiHHSA THUCKY KHCHIO aocsarae 3HaueHHs 300
r[la. OKHMCHEHHS TEXHIYHHMX NPOAYKTIB Ha OCHOBI
OpTraHiYHUX  PEYOBWH,  30KpeMa  MaCTHJIBHUX
MaTepiajiiB, MPU HASABHOCTI JOJATKiB-aHTUOKCHUIAHTIB
4acTo BinOyBaeThcs 0e3 IHAYKUIHHOTO mepiofy, mpu
IBOMY Taki TPOIYKTH BUSBISIFOTHCS — HAWOLIBII
CTIHKMMH B yMOBaX CTaHAapTHUX BUIPoOyBaHs [3].

[TopiBHSIHHSI KPUBHX OKHUCHEHHS CyOCTpaTy 3
nonatkamu Ta 0e3 HuX (puc. 1 xpuBa 1) Bkasye Ha
AHTUOKCUIAHTHY akTuBHICTH HL Ta KomruiekciB
OUHKY 1 MomiOaeHy (kpuBi 6, 5 i 4 BiINOBITHO).
Haii6inbiie 3nadenns Tt mae jis HL (110 xB), s
nomarkie ZnL, ta MoO,L, cxmagae 89 1 54 xB
pigmoBigHo. KoMIUIEeKC MarhHil0o He BIUIMBa€ Ha
okucHeHHs1 cyOctpary. Kommuiekc Cul, B ymoBax
EKCTIEPUMEHTY  PO3KIIAJA€TbCs 3 yTBOPEHHSAM
METaJIIYHOI MiJli, KA € IPOMOTOPOM OKHUCHEHHs [24].

Karamiz  oOpuBYy  JaHITIOTIB  OKHCHCHHS
KOOpDAWHALIHHIMHU CHONYKaMH MOXJIMBUH Yy psi
BHIIAJIKiB TIPH CILJIBHOMY BBEJICHI 0 KOMIIO3HIIii, 110
CTablmi3y€eThCs, CIIBKOMIIOHEHTIB -  OpPTraHigYHHUX
iHri0iTOpiB OKMcHEHHS [6]. B sikocTi 03HaueHUX OyiiH
o0paHi mpem-OyTunkarexon ta 2,6-1u-mpem-0yTui-
4-metundenon  (iomom). loHom - mommpeHwi
AQHTUOKCHJIAHT (PEHOJILHOTO THITY, IO 32CTOCOBYETHCS
B BHpPOOHMITBI XapuoBHX TPOAYKTIB (XapuoBa
nobaka E 321), nmeskux mikapchkux —3aco0iB,
TEXHIYHUX OJIUB, IJIaCTMac Ta iH. BmimuB ioHOny Ha
okucuenus MEXKC naBeaeno na puc. 2.
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[Maniaas Tucky, rll:

0 20 40 60 80 100
Yac, xB
Puc. 1. KiHeTnyHi KpuWBI ayTOOKHUCHEHHS

METHJIOBHX €CTEPIB JKUPHUX KHUCIOT COHSIITHUKOBOI
omi (1 - 0e3 momatkie, 2 - MgLy, 3 - Culy 4 -
MoO;L,, 5 - ZnlL,, 6 — HL, koHIeHTparliss T0JaTKiB
0,01 mMoub/m).

HeouikyBani pe3ynbratu O6yno oaepxaHo IpH
okucHenHi MEJKKC B mpucytnocti cymimi MoOsL 3
mpem-oytunkarexoioMm. Oxucaennss MEXKC B
MPUCYTHOCTI mpem-OyTHIIKaTeX0Iy BiOYBaeThCS 3
4iTKUM mepionoM iHAykIii (puc. 3a kpusa 4). Ilpu
cnisHOMY BBeaeHHI MoOsl, i mpem-OyTuikarexomy
KIHETUYHAa KpHBa OKHCHEHHA cyOcTpary (puc. 3a
kpuBa 3) Oinbmr momiOHa O TakKol, K I KOMIIO3UITT
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Puc. 2. KiHeTnuHi KpHBi ayTOOKHCHEHHS METHJIOBUX
€CTEePiB XKUPHUX KUCIOT COHANTHUKOBOI OJIii B IPHCYT-
HocTi ioHOMy, MoJb/a (1 — 0,0; 2-3,1x10% 3-6,1x10*
4-9,2x10% 5-12,2x10; 6-15,3x10*; 7-18,3x10™).

3 gomatkom MoO;L, (puc. 3a xpuBa 2), ame Mae
OUIBPINIMM HAXWJI 1 BIANOBIAHO OlNbINE 3HAYEHHS T.
MoBipHO, mpem-6yTHIKATEX0N, WO MICTHTH MBI
xenatytoui rpynu OH, B yMmoBax eKCIEPUMEHTY
BCTyIa€ B OOMIHHOJITaHIHI TIPOIECH 3 YTBOPEHHSIM
MaJIOAKTUBHUX MOIIOIEHBMICHUX KOMILJIEKCIB.

250 A 1,2 3 4 5
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Yac, xB
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Puc. 3. KineTnyHi KpWBI ayTOOKHCHEHHS METHJIOBHX €CTEpPIB JKHPHHUX KHCJIOT COHSIIHHKOBOI Oii B
MPUCYTHOCTI cymimn momarkis (a): MoO:L, / mpem-6ytunkarexon (1 — 6e3 momarkis, 2 — MoO,L,, 3 — MoO,L; /
mpem-6ytunkarexoin (1/1), 4 — mpem-6ytunkarexon); (6): MoO,L, / ioron (1 — 6e3 gomatkis, 2 - MoO;L,, 3 Ta 4 -

MoO:;L, / ionon (2/1) ta (1/1), 5 — ionomn).

Ha BiaMiHy BiJ HBOro Ha KIHETUYHUX KPUBHX
okucHenHs MEXKC B mpucytHocTi  cymimi
KoMIutekcy Monioaeny MoO:L, Ta ioHONYy TpuCyTHIN
YiTKO BHUpaXEHWH mepiox iHAyKIii (puc. 3 6 KpuBi 3,
4). 3HayeHHS OCTAHHBOTO TIPU BBEACHI KOMIUIEKCY
JEII0 3MEHIIYEThCA MOPIBHSIHO 3 YHUCTHM 10HOJIOM
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(puc. 36 kpuBa 5), mpuuomy B OiibmIiii Mipi npu
M ABUILEHH] KOHIICHTpaIlii MoO,L.. IIpore,
TEPMOOKHCHIOBAIIbHA CTaO1IBHICTE 3a3HaYECHUX
MOJICIIbHUX KOMITO3HUIIIH y BCIX BHUIIATKaX € JIOCHUTH
BHCOKOI. He3Baxaroum Ha Te, 1110 epeKkTy cuHeprizMa
B JaHOMY BHUNAJAKYy HE CIIOCTEpIiraeThbcs, I JaHi €
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MO3UTUBHUMHU TOMY, IIO: KOMIUICKC MOJIOJEHY SIK
JOAAaTOK  MOKpallye  MPOTHOKHCHI  BIACTHUBOCTI
MEXKKC, a B mpuCYTHOCTI i0HOJIy CYTTEBO IIiIBHIIYE
X CTIHKICTh IO OKHCHEHHS.

Bucnoexu

OmHi€0 13 TOJIOBHUX BAUMOT OO TEXHIYHUX OJIMB
Ha  OCHOBI Ologu3ento € IX  MakCHMajbHa
TEPMOOKHCHIOBabHA  cTabimpHOCTS  [25].  OTike,
KOMIIOHEHTH, II[0 BBOJATHCA JIO CKJIany TaKHUX
KOMITO3HITIA TTOBUHHI ITiJIBUIITyBaTH, a00 MpUHANMI HE
BIUTMBATH HA 1X CTIHKICTh JO0 OKUCHEHHS. Pe3ynbraTtu
naHoi poOOTH TOKa3aiu, IO Cepell IOCIiIKEHUX
KOMITJIEKCIB IITMM BHMOTaM BiAMOBIAIOTh CIOTYKH
Marfilo, OWHKY 1 MOmi0OJeHy, OCTaHHI NPOSBIAIOTH
AKTUBHICTh SK aHTHOKCHIAHTH. 3 ypaxyBaHHSIM
BHCOKHX TPHOOJIOTIYHHUX XapaKTEPUCTUK KOMITICKC
MoO:;L; € mepceKTUBHUM MPOTOTHUIIOM LIS PO3POOKH
JOJIATKy JO0 TOBAapHUX MACTHIBHUX KOMIIO3HUIIA Ha
OCHOBI POCITUHHOT CUPOBUHH, e()eKTUBHUM
CIIIBKOMITOHEHTOM MJII HBOTO € i0HOJ. Pe3ynmpTaTn
JOCHIKEHb, MPEICTABICHUX Y I[ill CTaTTi, CBiI4aTh
Mpo TMOTY)XKHUH TOTEHI[aN XiMil KOOpAHMHAI[IHHIX
CIIONIYK JJII  CTBOPEHHS CyYacHHX  €KOJIOTIdHO
6e3neuHux 0i0-6a30BaHNX MAaCTHIIBHUX MaTepiajiB.
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Effect of MoO2(V1), Zn(ll), Cu (I1) and Mg(l1) complexes with
N-methyldecanohydroxamic acid on the thermal oxidation stability of biodiesel

L.l. Koval, V.I. Dzyuba, V.I. Pekhnyo

V.1. Vernadskii Institute of General and Inorganic Chemistry of the National Academy of Sciences of Ukraing,
prospect Palladina, 32-34, Kyiv, 03680, Ukraine

General climate changes and catastrophic environmental pollution cause the steadily increasing interest in the
world to bio-based technical oils, including lubricants. In order that they bully comply with current environmental
requirements, the additives added to them must not contain environmentally harmful components and provide the
maximum thermal oxidation stability of the base oil. A significant disadvantage of zinc dialkyl dithiocarbamates and
dialky!l dithiophosphates, which are widely used today as highly efficient polyfunctional additives, is that they contain
ecotoxic organosulfur and organophosphorus components. In view of this, complexes of biometals with hydroxamic
acids are promising. The paper presents the results of a study of the influence of MoO,L,, ZnL,, CulL,, MgL.
coordination compounds with N-methyldecanohydroxamic acid (HL) and mixtures of MoO:L. with tert-butylcatechol
and 2,6-di-tert-butyl-4-methylphenol (ionol) on the oxidation of distilled sunflower fatty acid methyl esters (one of the
variants of biodiesel). Procedures for the synthesis of novel homoleptic Mg(l1) and Zn(Il) bis-hydroxamate complexes
and their spectral characteristics are presented. The antioxidation properties of the complexes contained in the model
solutions were determined by the method of oxygen absorption in a hermetically sealed system at 110 °C. It has been
found that the magnesium complex has no effect on the oxidation of the substrate, and that the copper complex
decomposes, under experimental conditions, to metallic copper, which is an oxidation promoter. Zinc and
molybdenum complexes exhibit antioxidation properties. It has been shown that ionol is an efficient co-component for
MoO-L,, but no synergistic effect was detected. In view of the high tribological characteristics, the MoO.L, complex
is a promising prototype for the development of a polyfunctional eco-friendly additive to commercial biodisel-based
lubricating compositions.

Keywords: bis-hydroxamate complexes, magnesium, zinc, molybdenum, copper, biodiesel, fatty acid methyl esters,
antioxidants, lubricating compositions.
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I'oMoreHHo-KaTaJiTHYHE OKMCHEHHS TOJIYECHY I AI€I0 YIbTPAa3BYKY

C.P. Meabnuk, B.B. Peyrcebkuii, FO.P. MeabHUK

Hayionanvuuii ynieepcumem «JIvgiecoka nonimexunixay, 8yn. Cmenana Banoepu, 12, Jlveis, 79013, Vipaina
Stepan.R.Melnyk@lpnu.ua, Victor.V.Reutskyi@Ipnu.ua, Yurii.R.Melnyk@Ipnu.ua

Haseoeno pesynbmamu 0ocniodcenus 3aKOHOMIPHOCHEU 20MO2EHHO-KAMANIMUYHO20 OKUCHEHHS MOJYeHy
MOAEKYAAPHUM KUCHeM y npucymuocmi ayemamy xooanomy (II) nio Oieto yrempasgyky. Bcmamnosneno, wo na
WBUOKICMb HAKONUYEHHS, CKAAO0 NPOOYKMI@ peakyii ma 3HAYEHHS 2PAHUYHOI KOHBEpCii MOJYeHY GNIUSAOMb 5K
memnepamypa, max i mucK y peaxyiuuii cucmemi. 30kpema 3 niOBUUWEHHAM MeMNepamypu 3a HOCMIUHO20 MUCKY
CNIBBIOHOWEHHS MIJC WBUOKICIIO 38YKOXIMIUHOI peaxyii ma WeUOKICMI0O OKUCHEHHS MOJyeHy 0e3 YIbmpas3eyKy
30LIbULYEMBCA K HA NOYAMKO8itl cmaodii npoyecy, mak i 3a yMosu SUWUX 3HAYEHb KOHBEPCIi 8yene800H0. Boonouac
30LMbUEHHS WBUOKOCMI KAMANIMUYHO20 OKUCHEHHS MOJLyeH)y nio Oi€r YIbMpazeyKy UAEIeHO Juule 3a memMnepamypu
430-438 K i mucxy 0,4 Mlla. 3a ecix inwux ymos weuoKicms 38yKOXIMIYHOI peakyii € MEeHulow 3a WeUuoKicmb
OKUCHEHHsI TONyeHy 0e3 YibmpaszeyKky. Buseneno excmpemanvHy 3aneniCHiCmb WEUOKOCMI pearyii 2oMO2enHo-
KamanimuyHo20 OKUCHEHHS MOJYeHy 6I0 MUCKY 3a nocmitnoi memnepamypu. Bcmanoeneno, wo nio dictwo
VILMPA3BYKY 3 NIOGUUWEHHAM MUCKY WBUOKICIb peakyii 3MeHULYEMbCs Mum Ccymmesiute, 4um euworo € il
memnepamypa i, 3a2aiom, € MeHUWOIO 3d WEUOKICMb KAMalimuiyH020 OKUCHeHHsL monyeHy. Tlokazano, wo yiempaszeyk
BNIUBAE HA 3HAYEHHA KOHYeHmpayil ycix npodykmie peaxyii. CnigioHouen s Midc HUMU 8 36VKOXIMIUHIl peakyii ma
6 peakyii OKUCHEHHs 3a 8i0CYMHOCMI VIbMPA38YKYy 3aledCcums 6I0 memnepamypu ma mucky. Bcmarnoeneno, wo
OCHOBHI 3MIHU KITbKICHO20 CKAAOY NPOOYKMI8 OKUCHEHHS Ni0 OI€i0 YIbmpaseyKy noiseaoms y 30i1bueHHI/3MeHUEeHHT
KOHYeHmpayil 6eH30UHOI Kuciomu i OeH3UI08020 cnupmy. 3MeHueHHs: WeUOKOCI 36YKOXIMIYHO020 KAMATIMUYHO20
OKUCHEHHs. MONyeHy HA NOYamKogil cmadii peakyii ma oOHOYACHe ii 3POCMAHHA 34 GUUWUX 3HAYEHb KOHBepCii
8Y21€800HI0, A MAKON}C 3MIHU 8 CENeKMUBHOCAX YIMBOPEHHA NPOOYKMI6 peakyii ma 6niue yiompaseyKy Ha epaHUuyHy
KOHBEPCIil0  MOJYeH)y 6KA3Viomb, WO poab Kagimayii 6 npoyeci 20MOSEHHO-KAMANIMUYHO20 OKUCHEHHS
ANKIIAPOMAMUYHUX 8V2N€B00HIE N0 S3aHA 31 3MIHAMU 3AKOHOMIPHOCHEN Nepemeopenb KOMNIEKCI8 Kamanizamop—
inmepmediam.

Knrouoei cnoea: oxucHeHHsl, TOIyeH, OCH30WHA KHCJIOTA, OCH3abJAeri, OCH3WIOBUI CIHPT, KaTalli3aTop,
YIBTPa3BYK, KaBiTaIlis

Bcmyn

[Iponecu piauHHO(pA3HOTO OKHCHEHHS
QNKIIApOMAaTUYHUX  BYTJIEBOJHIB KHCHEM TIOBITpS
JeKaTh B OCHOBI 0araThOX IPOMHUCIIOBHX METOJIB
oJepKaHHS LIHHUX KHCHEBMICHHX CIONYyK — TiApo-
TIEPOKCUJIIB, CHUPTIB, ajbleriliB, (EHONIB, KHUCIOT
TOIIIO.

Ha cporogni mnpoIOHYIOTH YUMalO BHCOKO
aKTHUBHUX 1 CENEKTHBHUX KaTalli3aTOpiB piAMHHO-
(ha3HOTO OKWCHEHHS BYTJCBOAHIB. 30KpeMa HaHO-
YaCTUHKU 30JI0Ta 1 majanito Ha Byrieni abo TiO; €
aKTUBHUMH B OKHCHEHHI TEPBHHHUX BYTJCLb-
BOJHEBHX 3B’SI3KIB y TONyeHI Ta CHOPITHEHUX
MOJIEKYyJIaX 1 3YMOBJIIOIOTh BHUCOKY CEJICKTHBHICTH 3a
OeH3MIOeH30aTOM Y M SIKHX yMOBax 0e3 pO3uMHHHKIB
[1]. BuxopuctanHs (GYHKIIOHANBHOI JUKATIOHOBOI
KHCIIOTHOI 1oHHOT pimmam Ha ocHosi IIEI" 1000
MOKpalllye KaTaliTHYHy akTHBHICTH N-Tigpoxcu-
¢TamimMily B OKHCHEHHI TOJyeHy H0 OcH30iiHO1
KUCIIOTH MOJICKYJIIPHUM KHCHEM 32 HOPMaJIbHOTO

tucky: mpu 80 °C 3a 10 rox peakuii JocsTaeThCs
koHBepcis tonyeny 89,82% i cenextusHicte 94,63%
3a OEH30MHOI0 KHCIIOTOIO [2].

PinunHOda3HEe OKMCHEHHS n-KCWJIEHY MOBITPSIM
SK JDKEpeIOM KHCHIO B IPUCYTHOCTI METaio-
neitreporiopdipunis [M(DPDME)], ne M = Fe(II)Cl,
Co(Il) a6o Mn(II)CI 3a BigcyTHOCTI 100aBOK i
PO3YMHHHUKIB TPU3BOAUTH JI0 YTBOPEHHS #-METHII-
OeH3anpaeriay, #-METWIOCH3UJIOBOTO CIUPTY Ta -
METHIOEH30WHOT KUCIIOTH SIK OCHOBHMX MPOAYKTIB [3].

VY crarti [4] moka3aHO, IO OKCHJI MapraHIlo
Mn3zO4 BusBISE KaTamiTUUHY aKTHBHICTH B IPOIECI
piavHHO(GA3HOTO OKHCHEHHS TONyeHYy 10 OeH30iHOi
KHCIIOTH MOJICKYJSIPHAM KHCHEM 32 TeMIlepaTypH
468 K, tucky 1,0 MIla 3a BincyTHOCTI pO3UMHHHKA.
Le#t xaramizatop 3abe3meuye 3a 3 TOA peakilil
KOHBepciro TomyeHy 45% 1 CeNneKTHBHICTH 3a
OeH30#HOI0 KHCIO-TOI0 91%. BoueBuap, 1110 HaBeaeHi
BUIIIC JOCSITHEHHS B KaTanizi npouecy
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piAMHHO(A3HOTO  OKHCHEHHS  alKiTapOMaTHUYHHX
BYTJICBOJHIB HE 0OMEKYIOTECS ITUM TIEPEITIKOM.

Boanouac, He3Bakaroud Ha Taki YHCIEHHI Ta
JOCUTh YCHIIIHI pPe3ylbTaTh IOCHIIKEHb MepCIeK-
THBHMX KaTaji3aTOpiB TPOMHUCIOBHM  IIPOIIECOM
OJlep)KaHHS apOMATUYHUX KapOOHOBUX KHUCIOT Ha
ChOTO/IHI 3aJTUIIAETHCS OKUCHEHHS alIKiTapOMaTHYHHX
BYIJIEBOJIHIB Y TPHUCYTHOCTI COJNEH MeTaliB 3MiHHOT
BasreHTHOCTI (M3B), HalfuacTimre — coseit KooampTy Ta
Maprasiro. 30kpemMa OeH30WHYy KHCIOTY HPOAYKYIOTbH
piavHHOGA3HUM OKHCHEHHSM TONYyEHYy 3 BHKO-
PUCTaHHAM SK KaTajizaropa arnerary ado iHIIUX cojiei
KoOanmpTy 3a TemmepaTypu 165 °C i mHigBHIIEHOTO
TUCKY 3a BIJICYTHOCTI a00 B PO3YHHI OLTOBOi KHCIOTH.
Konsepcito ByriaeBoaHio o0MexytoTs y 15% s 36e-
PEKEHHST BHCOKOI CEJIEKTHBHOCTI 3a KHCIOTOI0 [5].
CyTTeBe TMIABUINEHHS TeMIepaTypu B Tpoleci
KaTaJliTAYHOTO  OKHUCHEHHS  TONYEeHY  3yMOBIIOE
3pOCTaHHS IIBUAKOCTI HE JIMIIE OCHOBHOI, aie M
MOoOIYHUX peakliid, 30KpeMa TEepMIYHOi JeCTPYKIii
BYIJIEBOJHIO, OKHCHIOBAIBHOI KOHJEHCAIii, Je3-
aKTHWBaIil  KaTamizaTopa TPOAYKTAMH  TOOIIHHX
peaKIii.

3Bakaroud Ha Te, L0 OKUCHEHHS TOIYEeHY B
MPOMHCIOBUX YMOBAaX MOJKHA OXapaKTEpU3yBaTH SIK
MOBUIBHY PEaKIlifo, SKa IIMITYETbCA MacooOMiHoOM [6],
iHTEepeC NpEeACTaBIISIE JOCII/KCHHS BIUIMBY Ha IO
PEaKWilo TaKoro iHTEHCH(]IKYIOYOro MacooOMiHHI
MIPOLIECH YNHHUKA SIK YJIBTPa3BYK.

3ByKO- 200 COHOXIMIYHI peaxilii me 3 MUHYJIOTO
CTOJITTS TPUBAOIIOIOThH JOCIIIHUKIB SIK S(EKTUBHHI
3aci0 iHTeHcHupikallii mpoIreciB oxepkaHHsI 0araThox
pedoBuH. Ili BIUIMBOM yIBTPa3BYKy CIIOCTEPIraeThCs
HE JIMIIE MPUCKOPEHHS XIMIYHOTO TEPETBOPECHHS, alle
W peakuii, ski 3a BiacyTHOCTI aii KaBitamii, 3y-
MOBJICHOI YJIbTPa3BYKOM, HE BiZI0yBarOThCs 30BCiM [7].

Biarak enepriro kaBiTallii MPOMOHYIOTH 3aCTO-
COBYBAaTM B TMpolecax piAMHHO()A3HOTO OKUCHEHHS
opraniyaux pedyoBuH [8], Bomooummmenns [9, 10],
BupoOHHITBa Olommsemo [11], mommdikamii aBTO-
MOOiTbHUX  OeH3uHiB  OioeraHoioM [12]  Tomo.
BoueBuap, 110 JOCHIHKEHHST 3aKOHOMIPHOCTEH TOMO-
TEeHHOTO KaTaJiTHYHOTO PIIWHHO()A3HOTO OKHCHEHHS
TONyeHY MOJICKYJIIPHUM KHCHEM TiJl €0 yIbTpa-
3BYKy CTaHOBHTH SIK HAYKOBHH, Tak 1 NpakTHYHHUN
iHTEpec.

Excnepumenmanvna uacmuna

Tonyen (4.4.a.) ounImaNH Bix cynTbQypoOBMiCHIX
JIOMIIIOK TPOMHMBAHHSAM KOHIEHTPOBAHOIO  CYIIb-
¢darnoro kucinororo (10% Bim 06’eMy BYTJIEBOHIO)
nporsaroM 20 XB, Tak MO0 TeMmmepaTypa He Iepe-
BumryBana 298-303 K i He BinOyBanocs cynbdyBaHHS
ByrieBoaHI0. OOpoOKy BeiH, IMOKM KHUCIOTHHH Iap
miclisi MPOMUBAHHS TlepecTaBaB 3HEOApBIIOBATUCS, a
mpoba Ha TioeH 1 #oro moximHI BKasyBalla Ha ix
BificyTHICTh. Hanmami, ouumieHunii TOyeH MpPOMUBAIH
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2-3 pasu IUCTUIHOBaHOK BOMOI, 10%-M po3dunHOM
TIAPOKCHIYy HATpil0, 3HOBY BOOI0, 1 CYIIMIH Ham
0e3BOHUM CyJb()aTOM MarHito, BiATaK TMeperaHsiu
Horo 3a aTMOCc(hEepHOTO THCKY.

bensanpaerin (4.) s TPUTOTYBaHHSA Kallio-
pyBaibHUX cymimed npomuBanu 5—10%-m po3urHOM
riporeHKkapOOHATy HATPiIO i MeperaHsuid y BakyyMi B
MPUCYTHOCTI HEBENHKOI KUIBKOCTI IMHKOBOTO MHITY.
Ilepernanwmii anpaerin 30epiramm B atMocdepi aproHy.
BensunoBuii coupt (4.) JUIS MPUTOTYBaHHS KaiiO-
pYBaIBHUX  CyMilllell OYMINAIMA  BiJ  alNbAETiAy
HarpiBaHHAM 10 KHIIIHHA 3 KOHIICHTPOBAHHM Tifl-
POKCHIIOM HATpilo, BIAOUISIIA BOAHWW miap 1 mepe-
TaHsUId CIUPT MiJi BaKYyMOM B aTMocdepi aprony.
CTymiHb YUCTOTH BUILEBKa3aHUX PEYOBHH MEPEBIpsIIN
xpoMarorpadivHo.

Sk KartamizaTop OKHCHEHHS BHKOPHCTOBYBAJIH
tetpariapar kobanet (II) anerat (4.). JInsg okucHeHHS
TOJyeHy BHMKOPUCTOBYBAJIM TEXHIYHMH KHCEHb 3
Oayiony.

BwmicT npoayKTiB OKUCHEHHS TOJYEHY, 30KpemMa
oemsanpaeriny (bA), OemsmmoBoro cmupry (bC) i
6ensoiinoi kuciotu (bK), anamizyBanu 3a 1omomMororo
xpomatorpagda JIXM-80 3 meTekTopoM 3a TeIUIO-
MPOBIAHICTIO PO3IINICHHAM y KOJIOHLI 3 Hep)KaBilo4oi
CTam 3aBIOBXKH | M miamMeTpoM 3 MM, 3allOBHEHiH
Hacagkor, sika Mmictuna 10% TOMieTHICHTTIKOMNb-
cebanuuary, HaneceHoro Ha Celite 545 3epHuUCTICTIO
60-100 memnr. [yis ycyHeHHS acHMETPHYHOCTI IiKiB
MOJISIPHUX PEYOBUH HEpyxomy a3y HpOMOTYBAIU
optoochaTHOO  KHCIOTOI, KUIBKICTH SKOT HE
nepesunryBana 0,3-0,5% Big macm Hocis. Sk ras-
HOCIii BHUKOPHCTOBYBaJM Telliid, HOro BHTparTa
cranosuna 3 namirox’. Temmeparypa: KONOHKH —
353 K, nerekropa — 513 K, Bumapauka — 533 K.
Ctpym Ha pnerektopi crtaHoBuB 140 MA. O0’em
no3oBaHoi mpodu — 2-10° av®,

KoHuenTpaniro npoaykTiB peakuii BH3HAYaIH
MeTtosioM abcomoTHOro KaiiopyBaHHsA. [lms Tomo-
reHizamii mpoOu 3a BHcOKOTO BMicTy bBK 3pa3zox
peakmiiHoi CyMilli JI0OJaTKOBO pO3YMHSUIA B 130-
nponanoni. BinHocHa moxmbOka xpomaTtorpagiuHoro
aHami3y alpIeriay 1 cnupTy He mepeBurnryBana 4%,
kuciotu — 7%.

Konuentpanito bK nogarkoBo Bu3Hauanu THT-
puMeTpu4HO B mpucyTHOCTI iHmmkaropa — 0,1 %-ro
CIHPTOBOTO PO3YMHY THMOJIOBOTO CHHBOTO. BiHOCHA
noxuOKa aHanizy He mnepeBuinyBana 3 %. BcraHos-
JICHO XOpOILIE Y3TOMXKEHHS Ppe3yJbTiB XpoMaTorpa-
(higHOTO 1 THTPUMETPUIHOTO aHAI3iB.

KoHueHTpaliro mepoKCHIHUX CIONYK Yy mepe-
pPaxyHKy Ha TOJIyEHTiIpONEpPOKCHA BH3HAYaIM HOmO-
METPUYHUM METOJOM. Y mpucyTHOCTI KoOambT (II)
aleraTy KOHIIGHTpAlisl MEPOKCHIHHX CIOJIYK B
IPOAYKTaX OKUCHEHHS He TepeBumryBana (4-6)-107°
MOJIB/IM®, BiITaK [7Is1 PO3PaxXyHKiB 1i He BpaXOByBaIIH.
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3BOPOTHHM THUTPYBAaHHSIM PO3YHHOM  CYJIb-
(haTHOT KHCIIOTH TICJISI OMIJICHHS 3pa3ka peaKIiiHoi
CyMillll ~ TaKOXX  BHUSBJICHO  CIIJOBI  KUIBKOCTI
OeH3mnOeH30ary, mo A00pe Kopemoe 3 aaHuMu [13],
I10 JIAJI0 3MOT'Y HaJali He KOHTPOJIOBATH HOTO BMICT B
MPOIYKTaX OKUCHEHHS.

OKHUCHEHHsSI TOJyeHy 3AIMCHIOBAIM B HaliB-
NEepioOIUYHOMY peakTopi 1, BUrOTOBIEHOMY 3i cTami
X17H13M2T i ocHameHoMy TepMoIlaporo 7, mpobo-
BimOipHuKOM 10 Ta KamiisgpoM Ui momadi KHUCHIO 8
(puc. 1). BMOHTOBaHMI y KpHIILi peakTopa MarHiTo-
CTPIKTOp 2 TICIISI TepMETH3allii peakTopa 3aHypIOBaBCS
y cyOcTpar. YIBTpa3BYKOBi KOJWBAaHHS YacTOTOIO 22
k[m y peakuifHOMy CepeloBHINI  CTBOPIOBAIN
renepatopoM Y3/IH-2T. O6’em TonyeHny cranoBus 70
cM®. PeakmiiiHy CyMill MepeMillyBalHM MAaTHiTHOIO
Mimankoro 9 Ta 0apOOTyBaHHSM KHUCHIO Yepes3
Kaminap. TemmepaTypHUil PeXUM  MiATPUMYBAIU
MOJAHHAM Y KOXYX PEaKTOpa CHJIIKOHOBOi OJMBHU 3
TepMocTary. THCK y CHCTeMi BHMIpIOBaJld MaHO-
MeTpoM 4, a BUTpary ra3zy — nupmanomerpom 5. s
KOHJIEHCAIlii Tapu, Hacamrepel pPeakIliiHol BOaH i
TOJlyeHy, SKI MOTIM O BHHOCHUTHCS 3 pEaKTopa,
BUKOPUCTOBYBAIH KOXYXOTPYOHHI XONOJMIBHHK 3 3
BOJSHUM OXOJOMKEHHAM  Ta  CcemapauiiiHuM
pocTOpoM vy HIKHINA dactuHi. Cemapatop Tmepen
EKCTIIEPUMEHTOM 3aIllOBHIOBAJIHM TONyeHOM. [IpoOy Ha
aHaii3 BigOupanu 3a joromoror mmpuna 11 uepes
mrynep 10 npu 3akpuTOMY BEHTWIII IOJa4i KUCHIO.

KoHnBepciro ToiryeHy BU3HAYAIH SK BiTHOIICHHS
CYMHU KOHIICHTpAI[iii YTBOPEHHUX y peakuii ajbleTify,
COMPTY 1 KHCIOTH [0 IIOYaTKOBOi KOHIEHTpaLil
TOJIyeHY 1 BUpaXkaJil y BiZICOTKaX:

K, ==%

0
ne C; — KOHIEHTpauis i-ro MPOAYKTY peakiii,
Monb M, Co = 9,424 — tmouatkoBa KOHIIEHTpAIlis
TOIYEHY, MOJTBJIM .
CeNeKTUBHICTD YTBOPEHHS i-TO NPORyKTYy (Y %)
Ha T[pOpearoBaHMi TOJIYeH pPO3paxoByBald  3a
dhopmyoro:

100,

cDiT = LlOO.
C,K

BrmuB  yneTpasByky Ha TIpomec OKHCHEHHS
TOJyCHY OIIHIOBAIM 3a IIBHAKICTIO IIPOIECY, SKY
pPO3paxOBYyBaIM  YHCEIbHUM  JTU(EPEHIIIOBAHHAM
KOHIIGHTpAIiifHOI ~ KpUBOi ~ HAKONMYEHHS  CyMH
npoaykriB. [loxnbka BU3HAUEHHS IIBHIKOCTI Peakxilil
OKHCHEHHS  TOJyeHy, OOdYHClieHa 3a  TphOMa
napajelibHUMU JIOCITiaMu, He TepeBuIyBaa 7%.

a3 Ha
o6copbuito

Lo

reHepaTopa

Lo

camonucua

CwunikoHoBa
onvea

Puc. 1. Cxema yCTaHOBKH IJISI OKHCHEHHS TOTyCHY
MOJIEKYJSIpHUM KHCHeM:. 1 — peaktop; 2 — MarHiro-

CTpiKTOp; 3 — XONOOWIBHHK i3 cemaparopom; 4 —
MaHOMeTp; 5 — naupmanHomerp, 6 — rTeHeparop
Mar"iTHOTO ToJsi; 7 — TepMomapa; 8 — CTalleBUi

Kanusip; 9 — MarniTHa mimanka; 10 — mrynep aas
MOJJaHHsI KUCHIO Ta Bimbopy mpoO; 11 — mmpun s
BimOopy mpoo.

PesynbTaT OKUCHEHHsI TONyeHYy B Pi3HHX
JOociligax —MOpiBHIOBaNM 32 ONU3BKMX  3HAYCHb
KoHBepcii ByrieBomgHio. Lle namo 3mory orpumaru
TOUHINIy iH(OpMAaIlil0 TPO BIUIMB YJIBTPa3BYKy Ha
Ipolec  OKUCHEHHS, B  SKOMY  BiIOyBaroTbCs
TOCITiIOBHO-TIApAJIENIbHI Ta CIIPSKEHI Peakilii, a TaKoxK
YCYHYTH CIIOTBOPEHHSI 3aKOHOMIPHOCTEH, 3yMOBJICHUX
HasIBHICTIO TMEpiofy 1HAYKWii Ta pi3HUM CKJIaJI0M
MPOAYKTIB OKUCHEHHSI HA JaHUH MOMEHT 4Yacy.

Peszynomamu ma 062060penusn

Tonyen OKHMCHIOBaIM 3a YMOB, OJHM3BbKHX [0
IIPOMUCIIOBUX, 30KpeMa 3a temreparypu 413-438 K i
tucky 0,3-0,8 MIla, HeoOXimHOrO ISl YHUKHEHHS
BUIIAPOBYBAHHS BYTJIEBOHIO.

JInst BH3HAUEHHS pPEXHMY Iepediry Tromo-
TeHHO-KAaTaJIITHYHOTO OKWCHEHHS TOJyeHy  IIoIle-
peIHBO JIOCTI DKy BaJIA BILTHB IHTEHCUBHOCTI
nepeMilllyBaHHSl peakmiiHoi cymimi Ta 00’e€MHOT
BUTPATH KUCHIO Ha IIBUJIKICTH peakuii. BcranoBneno,
o B poOOYOMY Jiana3oHi IHTEHCHBHOCTI pPOOOTH
MardiTHoi Mimanmku (300+£50 06-xB™) i 3a BuUTpaTH
kucHo 2-20 aMerom ! IIBHIKICTE KATATiTHYHOTO
OKHCHEHHS TOJyeHY HE 3aJIC)KUThH BiJl BUIIEBKa3aHUX
mapaMmeTpiB, IO CBIAYUTH TpO mepedir peakmii B
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KiHeTHYHii  oOxacti. Bigrak BHTpary  KHCHIO
BCTAHOBIMIOBANHU B Mexkax 12—18 am>rox .

TakoX BCTaHOBJICHO, 1110 3MiHA KOHIICHTpAIIii
aneraty koGaneTy B Mexkax (2-4)-10° mompam
IPaKTUYHO HE BIUIMBAE HA MAKCHUMaJbHY IIBUAKICTBH
peaxiii (puc. 2).

5,0 1
4,5 -
4,0 -
3,5 1
3,0 1
2,5 1

2,0 1

r1 04, MOHb'AM-3'0-1

1,5 1
1,0 1

0,5 -

0,0 T T T T J

C(Co(OAc)z)-103, Monb-aM™

Puc. 2. 3amexHiCTh MaKCHMalabHOI IIBHIKOCTI
OKHMCHEHHSI TOJlyeHy BiJ KOHLEHTpauii amerary
koOanmeTy. Temmeparypa — 423 K. Tuck — 0,4 MlIla.
Kongsepcis tomyeny — ~7%.

3a  HWKYOI KOHIEHTpalii  KaTaji3zaTropa
BiOyBa€eThCsl TepeAdacHe TajJbMyBaHHS peaxilii,
BOUYCBHJIb  3YMOBJICHE  JIC3aKTHBAIIEI0  YaCTHHHU
KarajizaTopa npoJyKTaMu OKUCHEHHS. Bucokuii BMicT

areraty KoOalbTy B peakliiHiil cywmimn Bemge 0
3MEHIIEHHS 4YacTKH TEPOKCHIHUX 1 TMepariIbHAX
panuKaiiB BHACIIAOK BUTPATH YaCTHHH 1X 32 PEAKIII€l0
3 i0HaMH MeTay 3MIHHOI BaJEHTHOCTi 3 YTBOPEHHSIM
MOJIEKYJIIPHUX TPOAYKTIB, a OTKE€ — A0 HE3HAYHOTO
3MEHIIICHHS IIBUIKOCTI OKHCHEHHS. Bingrak,
3aKOHOMIPHOCTI OKHCHEHHS TOIYEeHY IOCIIIKYBaJIU 32
KOHIIEHTpAIlil KaTrami3aropa, sKa CTaHOBHIIA 3,0-10’3
MOIb- M,

PesynbTati BU3HAUEHHS BIUTUBY YIIBTPa3BYKY
Ha KaTaJiTHYHE OKHCHEHHS TOJYEHY BKa3yIOTh, IO
3aKOHOMIPHOCTI peakiii, sSIK i aBTOOKHCHEHHS aJKiJI-
apeny [15], 3anexarh Bij TeMmmepaTypud i THCKY B
peaKIifiHOl CUCTEMI.

30kpeMa BCTaHOBJICHO, MO0 3 ITiIBHICHHIM
TEMIIepaTypyu  peakiii 3a  MOCTIHHOIO  THCKY
CHIBBITHOIICHHS MDK IIBHJKICTIO 3BYKOXIMIU4HOT
peakmii Ta IIBUAKICTIO OKHUCHEHHS TONyeHy 0e3
VIBTPa3BYKy 30UTBIIYETHCSA SK Ha IMOYATKOBIM cTamil
nporiecy (KoHBepcisi ToimyeHy ~2%), Tak 1 3a YMOBH
BUIIIMX 3HaueHb KOHBepCii ByrieBomHIo ~6—7% (puc.
3). BogHouac 301IbIIEHHS MIBHAKOCTI KaTaliTHIHOTO
OKHMCHEHHSI TOJNyeHY IIijl JI€l0 YIbTPa3BYKY 3a THCKY
0,4 MIla BusiBneno nume 3a remneparypu 430-438 K
(puc. 3). 3a 1UX YMOB BUKOPUCTAHHS CHEpril
YIBTPa3BYKOBHX KOJIMBaHb Ja€ 3MOTY 30iIbIINTH
MaKCHUMaJIbHY HIBUJKICTh OKHMCHEHHS TOJyeHy B 1,35—
1,95 pasu (puc. 3, 6). 3a TemmepaTypH, HHXKYOI 3a
430K i tucky 0,4 Mlla mBHIKICTE 3BYKOXiMI9HOTO
KaTaIITMYHOTO  OKWUCHEHHS TOJNYEeHY I  JI€I0
yIBTPa3ByKy € HIKYOI 32 MIBHIKICTH HOTO
OKHCHEHHS 0€3 yIbTPa3BYKYy.

6 1,2 10
3
N 9 1
5 1 A 110
8 -
o 1 - ]
o 4 & 108 o 7
|E ! -
C g °
a = A =
5 37 10672 5 51 s
H s
<r°" g 4 4
T 21 o T04 T 3
11 102 27
2 1 -
0 T T r 0,0 0 T T T 0,0
413 423 433 438 413 423 433 438
Temneparypa, K Temnepartypa, K
a 0
Puc. 3. 3ajiexHICTh MIBHIKOCTI peakilii KaTaJiTUYHOTO OKHUCHEHHS TOJYEHY Bim Temmeparypu: 1 — 0e3

yIBTPa3ByKy; 2 — MiJ JOi€0 yIbTPa3BYKy; 3 — BIIHOLICHHS LIBHJIKOCTI 3BYKOXIMiYHOTO OKHCHEHHS JO IIBHIKOCTI
OKHMCHEHHS TONyeHy 0e3 ynbTpa3ByKy. Tuck — 0,4 Mlla. Konsepcis Tonyeny: a — ~2%; 6 — ~7%.
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301IbIIeHHS LIBUOKOCTI KaTAJIITUYHOTO
OKHCHEHHS  TONyeHy TiJ  JI€l0  YIBTPa3BYKy
BiOyBa€ThCsl HacamIepel 3a PaxyHOK ITiABHIICHHS
LIBUKOCTI HAKONMMYCHHSI OCH30HOT KUCIIOTH, KA MpH
438 K 36imemyerscs 3 4,7-10% mombam ¢ mo
1,09:107° momp-am>-¢ %, a 3a Temmeparypu 433 K — 3
5,910 1o 7,4-10™ mone M >-¢ 2, BimmoBinHO.

Sx BuaHO 3 puc. 4, icHye NEBHUH IHTEpBal
THCKY (30Kpema, 3a Temmeparypu 423 K — 0,4-0,6
MIla, a 3a 433 K - 05-0,7 MIla), B skomy
KaTaJliTAYHE OKHUCHEHHS TOJyeHY BinOyBaeThCs 3
MaKCHUMAaJIbHOIO IBUIKICTIO (KpuBa 1). 3MiHA THCKY B
OiK iioro mimBUIIEHHSA a00 3HIKEHHA BeAe [0
3MEHIICHHS NIBUIKOCTI OKUCHEHHS TOJyeHY. 30Kpema
3a Temmneparypu 433 K 3HadeHHA THCKY, 3a SIKOTO
CIIOCTEPIracThCsl 1€ 3MEHIICHHS, € BHIIMM. 3a
HU3BKOTO THUCKY B PEaKIliiiHiil cucTeMi TemmepaTrypa
peakuii € ONM3BKOIO [0 TEMIEpaTypu KUIiHHA
TOyeHy, M0 MOXE 3MIIaTh Tporec B TuUy3iHHY
0o07acTh 1 3yMOBIIOBAaTH 3HIDKCHHS IIIBHIKOCTI

5,0 1,2
4,8 1
+ 1,0

4,6 -
<. 4,41
2 + 0,8
'S 4,21
g
B 40 1063
=
<~ 3,81
o
- + 04
S 3,6 e

3,4 -

+ 0,2
3,2 -
3,0 T T T T 0,0
0,3 0,4 0,6 0,7 0,8
Tuck, MMa
a

peaxuii. Pi3ke 3MEHIIEHHS IIBUIKOCTI OKUCHEHHS 1
MaKCUMAaJIbHOI KOHBEpCil TONlyeHy 3a HE3MIHHUX
TEMIIepaTypH Ta KOHIEHTpaIlil KaTaizaTopa B 3B s3Ky
3 MiJIBUIIICHHSM TUCKY TOHAJI TIEBHY BEJIUYNUHY, MOJKHA
MOSICHATH TOPYIIEHHSIM pPEXHMY BiIBEICHHA 3
peaxiiifHoro 06’eMy BOIH, SIKa YTBOPIOETHCS Tif dac
peakii i mpu B3aeMOJii 3 KaTajli3aTopoM, AE3aKTUBYE
vioro. IlixBuieHHs] TeMIepaTypu Aa€ 3MOTY YCYHYTH
el Me3aKTUBYIOUMM BIUIMB, SKHH 31 301LIBIICHHIM
THCKY BiJTHOBJIIOETHCSI.

ITix yac kaTamiTHYHOTO OKMCHEHHS TONYEHY i
TIEI0 YIABTPa3BYKy 3 MiABHINEHHAM THCKY Bim 0,3-0,4
mo 0,8 MIla mBHAKICTE peakmii 3MEHIIYETHCS:
MiHiManbHO — 3a Temmeparypu 423 K, i 3HauHOIO
Mmipoto — mpu 433 K (puc. 4, xpusa 2). BinmosizHo
CHIBBIAHOIIEHHS IIBUIKOCTEN 3BYKOXIMI9HOTO
KaTaJiTHYHOTO  OKWUCHEHHS  TOJNyeHy Ta  HOTO
OKUCHEHHS 0e3 yIbTPa3ByKy Ma€ CKIAJIHUN XapakKTep i
xXapakTepu3yeTbes MiHiMyMmoM TipHu 423 K 1 tucky 0.6
Mlla ta pu 433 K i 0.7 Mlla, Bignosigao (puc. 4 i 5).

14

T 1.2

T 10

T 0,8

rysir

T 0,6

r-10*, monb-am>-c*

104

T 0,2

0,0

0,4 0,5 0,6 0,7 0,8
Tuck, MMa

0

Puc. 4. 3anexxHicTh MWBUAKOCTI peakiii KaTaJiTHYHOTO OKMCHEHHS TOJIyeHY BiZl THCKY: 1 — Ge3 yJIbTpa3ByKy; 2 —
MiJ] AI€0 YABTPA3BYKY; 3 — BiJHOIICHHS MIBUAKOCTI OKUCHEHHS i/ TI€I0 YIBTPa3ByKy /O MIBHAKOCTI OKUCHEHHs 0e3
yIpTpa3ByKy. Temrepatypa: a — 423 K; 6 — 433 K. Kousepcis Tomyeny — ~7%.

Jns  KaTamiTUYHOTO OKHCHEHHS TONYEHY
XapakTepHE NOCATHEHHS MAaKCHMaJIbHOI KOHIEHTpaLil
oemzanpaeriny 'y ~0,35 MOJIB'IM °, a MaKCHMaJbHa
KOHIIEHTpallisi OEH3WIOBOr0 crupTy craHoBuTh ~0,17
Monb- M °. KonnenTpanis 6eH30iHOT KUCIOTH, fKa €
IIJTHOBUM TIPOIYKTOM PEakilii, MepeBakKHO 3pOCTae 3
4acoM, ajie TMpH JOCSATHEHHI TPaHWYHOI KOHBepcil
TOJIyEeHY «BUXOIWTHh Ha miarto». Hwkua Ha onuH-aBa
HNOPSIAKM  KOHLEHTpAlLisl  MEPOKCHUIHUX  CIOIYK
3yMOBJICHA NPHUCKOPEHHSIM peakiii iX posmamgy Tin
BIUIMBOM 10HIB K0OanbTy. THIOBI KiHETHYHI KpUBI
HaKONMMYEHHS  NPONYKTIB  OKHCHEHHS  TOJyEHY

HaBeleHO Ha puc. 5 1 6. BoueBuap, M0 3a HU3BKOTO
tucky (0,4 MIla) i moctaTHRO BHUCOKOi TeMIepaTypu
peakmii (433 K) edekTtuBHICTD il yIBTPa3ByKy €
BUIIOKO, [0  BHUABISETBCS B CTPIMKIIOMY
HaKONHMYEHHI  OEH30HHOT  KHCIIOTH Ta  BHIIUX
MaKCUMAaJbHUX KOHIICHTPAITISIX MPOMDKHHX IMPOIYKTIB
OKHCHEHHSI — aNpJeriay i cnupty (puc. 5). BomHouac,
NpoLeC OKUCHEHHS TOJNYEHY 3a IIMX YMOB I Ji€l0
VIBTPa3BYKy  XapaKTePU3YETHCA JCIMIO  OLIBIIHM
MIEPiOIOM THIYKIIIT.
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1,6

1,4 1
1,2 1
1,0

0,8 1

Csk, MO.I1b/n,M3
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Ci, MOnI:/AMs

0,10 -
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0,00

0 10 20 30 40 50 60 70

Yac, xB

0

Puc. 5. 3anexxHicTh KOHIICHTpAITli MPOAYKTIB OKUCHEHHS Bif "acy: 1, 2 — OeH3oitHa kuciora; 3, 4 — OeH3aIbACTI T,
5, 6 — 6enswioBuit cmpr; 1, 3, 5 — 6e3 yneTpasByky; 2, 4, 6 — min gieto yneTpaszByky. Temmepatypa — 433 K. Tuck —

0,4 MIlIa.

[ligumenns tucky B peakrtopi go 0,7 Mlla
CYTTE€BO BIUIMBAa€E Ha IMepelir 3BYKOXIMIUHOI peakmii
OKHMCHEHHS. 30KpeMa MiJ Ji€l0 YJIbTPa3BYKy 3HAUYHO

1,8

1,6 -
1,4 -
1,2 -
1,0 -

0,8 1

Csk, MOnb/n,M3

0,6 1
0,4

0,2 -

0,0 +—o—so—e<3$ I ! ! .
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Yac, xB

3HWKYETBCS ~MaKCHMallbHa  KOHIIGHTpallis  OeH3-
aNpJIerily 1, HacamIepea, BMICT OCH30HHOI KHCIIOTH,
SIKMH TiepecTae 30inpuryBaTucs 3 55 xB (puc. 6).

0,35

0,30 -

0,25 -

0,20 -

0,15 -

Ci, monb/am®

0,10

0,05

0,00

Yac, xB

Puc. 6. 3anexHicTh KOHIIEHTPAIIIi MPOIYKTIB OKUCHEHHS Bix 4yacy: 1, 2 — OeH30iHa KKCI0Ta; 3, 4 — OCH3aIbICTI],
5, 6 — 6ensmioBuit ciupr; 1, 3, 5 — 6e3 ynbTpasByky; 2, 4, 6 — mia gieto ynprpa3syky (433 K, 0,7 MITa).

3aeHICTh KOHBEPCil TOJNIyeHY Bil dacy 3a
pI3HUX TeMIepaTypu Ta THCKY J00pe KOpelroe 3
BIJIMOBIIHOIO  3aJIC)KHICTIO  IIBHIKOCTI  peakilil
OKHCHEHHS Bij Imx mapamertpiB (puc. 7). 30kpema
pI3HHI MK KOHBEPCI€I0 TONyeHY B IIpolieci iHoro
KaTaJliTAYHOTO OKUCHEHHsI 0e3 YNbTpa3ByKy Ta MiX
JI€r0 KaBiTallii 31 3HIKEHHAM TeMrieparypu Bix 433 mo
413 K 3a tucky 0,4 Mlla 36imemryerbes (puc. 7, a). 3a
Bucokoro tucky (0,7 MIla) 3 migBUINEHHSAM TeM-
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TepaTypy IHTEHCHBHICTh TIEPETBOPEHHS TOJIYEHY IIif
JUEI0 YIBTPA3BYKy TAKOX 3HIKYEThCS (pHUC. 7, 0), 1110
Y3rO/DKYETBCS 13~ BCTAHOBJICHOIO  3AJICXKHICTIO
IIBUIKOCTI peakiii BiJi THCKY 1 TeMIIepaTypHu.
3acTocyBaHHS YIBTPa3BYKy B MPOIIECi KaTaji-
TUYHOTO OKHCHCHHS TOJYCHY IUIIE B OKPEMHUX
BHITJKaX Ja€ 3MOTY MiABHIMUTH Oimbmn HiXK Ha 4%
aOCoIOTHE 3HAYCHHS KOHBEpCii BYTJICBOMHIO 0e€3
301JbIIEHHST KOHLIEHTpAIlli KaTajiizaropa. Sk BUAHO 3
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puc. 7, 3a temneparypu 423 K, tucky 0,7 Mlla Tta
BIICYTHOCTI il yNIbTPa3ByKy KaTaTiTHUYHE OKHCHECHHS
TONyEHY TallbMYy€TbCS MpPHU JOCSATHEHHI KOHBepCii

25

K, %

yac, xB

a

ByIJIeBOIHIO Npubam3Ho 11%, a B moni aKyCTHYHHX
rpaHUYHOI  KOHBEpCii

KOJIMBaHb

piBeHB

nepesuiye 15%.

25

K, %

Horo

20

40 60

80 100 120

yac, xB

0

Puc. 7. 3anexHicTe KOHBEPCii TOMyeHY BiJ 9acy 3a pi3HOI TeMIepaTrypH peakmii okucHenss: 1, 1’ — 413 K; 2,2’ —
423 K; 3,3’-433 K; 1, 2, 3—0e3 ynpTpasByky; 1°, 2°, 3’ —mix aiero ynprpa3Byky. Tuck: a — 0,4 MIla; 6 — 0,7

MTIla.

SAx BugHO 3 Tabm. 1-3, ynbTpa3ByK BIUIMBA€E Ha
3HaYeHHS KOHIIGHTpAlid YCiX TIPOAYKTIB peaxiiii.
CriBBiIHOIIEHHS MK HUMH B 3BYKOXIMIUHIN peakmii

Ta B peakuil OKUCHEHHs 3a BIJIICYTHOCTI yJIbTpPa3BYKY
3aJIeKATH BiJl TEMIIEPATYpPH Ta TUCKY.

Tabmuus 1. 3anesxkHicTh CKIaAy NPOAYKTIB i IIBUAKOCTI KATAJITHYHOT0 OKUCHEHHSI TOJIyeHY Bin TeMnepatypu™

. KoHIeHTpallist HPOLYKTiB, MOJIb M S CenekTUBHICTE, %

T,K V3 | Yac, xB | Konsepcis, %
BK BA BC BK BA BC
413 - 80 2,03 0,052 0,078 0,062 27,3 40,6 32,1
v3 100 1,86 0,048 0,073 0,054 27,6 414 31,0
423 - 41 2,04 0,053 0,071 0,068 27,6 36,9 35,5
v3 45 2,00 0,051 0,072 0,066 27,0 38,2 34,8
433 - 20 2,00 0,048 0,073 0,067 25,8 38,6 35,6
v3 20 1,85 0,045 0,069 0,061 25,6 39,6 34,8
438 - 10 2,08 0,048 0,076 0,072 24,7 38,8 36,5
v3 10 1,54 0,041 0,073 0,044 28,1 41,5 30,4
413 - 120 6,90 0,357 0,176 0,107 53,5 28,9 17,6
v3 160 7,25 0,434 0,172 0,077 63,6 25,2 11,2
423 - 61 6,50 0,325 0,176 0,107 53,5 28,9 17,6
v3 70 6,73 0,375 0,183 0,075 59,2 28,9 11,9
433 - 30 6,34 0,284 0,182 0,131 47,6 30,5 21,9
v3 35 5,90 0,259 0,173 0,124 46,6 31,1 22,3
438 - 20 5,61 0,234 0,186 0,108 44,3 35,2 20,5
v3 35 5,24 0,203 0,162 0,129 41,1 32,8 26,3

*Tuck 0,4 MITa, [Co(OAc)2-4H,0] = 3,010 monp-am3
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3okpema 3a THcky 0,4 Mlla i xoHBepcii
ToiyeHy ~2% KOHIIEHTpamii TPOAYKTIB 3BYKO-
XIMIYHOTO OKHCHEHHS € HIDKYMMH, HIX BiIIMOBIiZHI
KOHIIEHTpalii MPOAYKTIB, TOCATHYTI 3a BiACYTHOCTI il
yIpTpa3ByKy (Tadmn. 1). BomHodac, 3a B0 KOHBEPCii
ByIIIeBOHIO (~6—7%) tipu 413 K ast 3ByKOXiMiuHOTO
OKHCHEHHSI TOJIYEHY CIIOCTEPIra€ThCsl CYTTEBO BHIIA
KOHIIEHTpaIlii OEH30WHOI KHCIOTH 1, BIAMOBIIHO,
HIDKYa  KOHIIGHTpAIlis OCH3UIIOBOTO CITUPTY.
Konnenrpariiss  OeHzanpaeriry B 000X BHUIAAKaX
olTHaKOBa. 3 MiABHINEHHSIM Temmeparypu ao 438 K
KOHIICHTpAIlisl OCH30MHOI KHCIOTH B MPOTyKTax
OKHCHEHHS TOJYCHY IiJ J€I0 yJIbTPa3ByKy, HaBIaKH,
€ HIDKYOK, SK 1 KOHIIGHTpamlis Oe3anbiaerigy, a
KOHIIEHTpaIlisl OCEH3WIOBOro crnupty — Bumow. Lle
TaKOX KOPENIIOE 31 3HAYEHHSIMH CEJICKTHBHOCTEH
MPOAYKTIB OKHUCHEHHS, PO3PaxOBaHUX Ha KOHBEPCIHO
TonmyeHy ~6-7%: 3a Ttemmeparypu 413-423 K
CENIEKTUBHICTh 32  OEH30MHOI0  KHCJIOTOI B

3BYKOXiMiuHIH peaknii € Ha 6-10 % BHImOMO, a
CEJICKTUBHICTH 3a OCH3WJIOBHM CIHPTOM, HaBITaKW, HA
7-8% wmmwx4oro (Tadm. 1).

3 NiABUINEHHSIM THCKY BIUIUB YJBTPAa3BYKY
TaKOX 3MIHIOETHCSI 3QJIC)KHO BiJ TNIMOWMHU Tepediry Ta
TEMIIEpaTypy TMpOLEeCy Ha PeakKiilo TOMOTeHHO-
KaTaJIITHYHOTO OKUCHEHHS TOJyeHY i OifbII MOMITHO
BHUSBIISIETHCSI 32  BUINUX  3HAYeHb  KOHBepCil
BYIUIEBOIHIO 3a Temmepatypu 423 K, mopiBHSHO 3
433 K (tabn. 2 i 3). 3aranom mpu 423 K i HmKIux
3HAYeHb THCKY, KOHIEHTpAIlisi OCH30WHOI KUCIOTH B
MPOIYKTaX peakIlii Ta CENCKTHBHICTL ii YTBOPEHHS €
BHIIOIO IS 3BYKOXIMIYHOI peakiii Ta, BiAMOBIIHO,
OOEpHEHI 3aKOHOMIPHOCTI  CIIOCTEpIrarOThCs IS
OeH3nnoBoro cnupTy. Ha pisHMIIO MK KOHIIEHTpALIiIo
1 CEJIEKTHBHICTIO YTBOPEHHSI OE€H3albJEriny B 3BYKO-
XIMIYHIH peakiii Ta 32 yMOBH OKHCHEHHS TOJyeHy 0e3
YIBTPa3BYKy 3MiHA TUCKY MTPAKTHYHO HE BILIMBAE.

Tabmmms 2. 3ajeskHicTh CKIaay NPOAYKTIB Ta IIBUAKOCTI KATAJITHYHOI0O OKHCHEHHS TOJYyeHY Bil THCKY™

Tuck, v3 Uac, xp | Konsepeis, % KoHIleHTpallist IPOLYKTiB, MOJIb- M CeJeKTHBHICTD, %

MIla BK bA BC bK BA bC
- 40 1,95 0,048 0,073 0,063 26,3 39,4 34,3
03 v3 40 1,78 0,045 0,067 0,056 26,6 40,1 33,3
- 41 2,04 0,053 0,071 0,068 27,6 36,9 35,5
04 v3 45 2,00 0,051 0,072 0,066 27,0 38,2 34,8
- 40 1,69 0,045 0,066 0,044 28,9 42,4 28,7
o8 V3 50 1,66 0,041 0,069 0,047 26,0 44,1 29,9
- 50 2,08 0,056 0,078 0,062 28,7 39,8 31,4
o V3 60 2,22 0,064 0,081 0,064 30,6 38,9 30,5
- 50 2,12 0,056 0,080 0,064 28,1 39,9 32,0
o8 v3 50 2,18 0,060 0,081 0,064 29,3 39,7 31,1
- 60 5,91 0,276 0,175 0,105 49,6 31,5 18,9
03 v3 65 5,94 0,298 0,171 0,101 52,3 30,0 17,6
- 61 6,50 0,325 0,176 0,107 53,5 28,9 17,6
04 v3 70 6,73 0,375 0,183 0,075 59,2 28,9 11,9
- 60 5,97 0,261 0,158 0,144 46,4 28,0 25,6

08 v3 80 6,69 0,354 0,173 0,103 56,1 27,4 16,4
- 72 6,25 0,310 0,149 0,131 52,6 25,2 22,2
o v3 80 6,78 0,284 0,149 0,112 52,2 27,2 20,5
- 70 6,52 0,320 0,157 0,137 52,1 25,6 22,3
o8 v3 70 5,94 0,296 0,152 0,112 52,8 27,3 20,0
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Tabmuist 3. 3aieKHiCTh CKIAAY NPOAYKTIB Ta IIBHAKOCTI KATATITHYHOTO OKMCHEHHS TOJIyeHY BiJ THCKY™

Tuck, . KonnerTpamis npoayKTis, MOJB IM ™3 CelleKTUBHICTh, %

¥3 | Yac, xB Konsepcis, %

MIla BK BA BC BK BA BC

04 - 20 2,00 0,048 0,073 0,067 25,8 38,6 35,6

' v3 20 1,85 0,045 0,069 0,061 25,6 39,6 34,8

05 - 20 2,05 0,051 0,074 0,068 26,2 38,5 35,3

v3 25 2,01 0,052 0,071 0,066 27,6 37,7 34,7

06 - 20 2,18 0,052 0,080 0,074 254 38,7 35,9

v3 25 1,50 0,041 0,057 0,044 28,9 40,2 30,9

0.7 - 25 2,39 0,056 0,092 0,077 25,0 40,9 34,1

’ v3 25 2,10 0,048 0,081 0,068 24,5 41,2 34,3

- 25 2,64 0,072 0,092 0,086 28,7 36,9 34,3

08 v3 31 2,35 0,060 0,085 0,076 27,1 38,4 34,5

0.4 - 30 6,34 0,284 0,182 0,131 47,6 30,5 219

v3 35 5,90 0,259 0,173 0,124 46,6 31,1 22,3

05 - 30 6,60 0,305 0,175 0,142 49,0 28,2 22,8

v3 40 6,39 0,304 0,169 0,130 50,5 28,0 21,5

06 - 30 6,75 0,325 0,167 0,144 51,1 26,3 22,6

v3 40 6,60 0,319 0,172 0,131 51,3 27,6 21,1

0.7 - 35 7,14 0,320 0,189 0,164 47,6 28,1 24,3

’ v3 40 6,56 0,308 0,162 0,148 49,8 26,2 24,0

0.8 - 40 6,87 0,335 0,165 0,147 51,7 25,5 22,8

' v3 45 6,81 0,342 0,159 0,1404 53,3 24,8 21,9

*Temneparypa 433 K, [Co(OAc),4H,0] = 3,0-103 MOJIB M

Opepxani pe3yJbTaTd Jal0Th 3MOTY 3pOOHUTH
MIPUITYIIEHHS, IO HWXYa IMBUAKICTH TOMOTEHHO-
KaTaJlITAIHOTO  OKWCHEHHS TOJNYEHY IiJ i€l
YJIBTPa3ByKy Ha MOYATKOBIiH CTAIIl MPOIECY Ta Pi3HUH
BIUTMB YJbTPa3BYKy Ha IIBUIKICTh OKHCHEHHS Ha
TIMOIIMX  CTaisfAX TpoIecy 1 Ha CeIeKTHBHOCTI
YTBOpPEHHSI TPOIYKTIB peakiii BKa3ylOTh, IO HOTO
poilb  TOB’s3aHa,  HacaMIiepen, 31  3MiHaMu
3aKOHOMipHOCTEH MepeTBOPEHb KOMIIIEKCIB
KaTaizaTop—iHTepMeTiarT.

Bucnoexu

BceranoBneHo, M0 3aJeXHICT 3aKOHOMIp-
HOCTEH PIIMHHO(A3HOIO TOMOIEHHO-KATaIiTHYHOTO
OKHMCHEHHS TOJyeHY SIK 3a BIIICYTHOCTI, TaK 1 mij Ai€ro
VIBTPa3ByKy BiJl YMOB TMpOIECY Mae CKJIaJHUH
XapakTep. BcTaHOBIEHO, MmO MiX TEMIIEPaTYPOIO
MPOIIECY 1 TUCKOM ICHYE TICHHI B3a€EMO3B’S30K, SKHI
BU3HAYAE IIBUAKICTh HAKOMUYCHHS Ta CKJIAJ] MPOIYK-
TiB peakii i 3HaYCHHS TPAaHUYHOI KOHBEPCIi TOTyeHY.

IlokazaHo, 1m0 30UIBIIEHHS  IIBHIKOCTI
KaTaJliTAYHOTO  OKWUCHEHHS TOJyeHy TMiJ  Mdi€lo
AKyCTHYHHX KOJHBaHb, MOPIBHIHO 3 HOrO OKUCHEHHAM
0e3 ynbTpa3ByKy, BiOYBa€ThCs 3a THUCKY, OJHM3BKOTO
70 KPUTHYHOTO B PEakUifiHii cucTeMi, 30KpemMa — 3a
0,3 MlIla (temneparypa 423 K) Ta 0,4 MIla (433 K).
[TixBHUINICHHST TUCKY TIOHAJ TICBHY BEIHYHMHY BeEZC 1O

raJlbMyBaHHS OKHCHEHHS BYTJIEBOAHIO Ta JIO 3MEH-
LIEHHS MOro TIpaHUYHOi KOHBEpCii, BHACIIAOK AE€3-
aKTHBaIlii Karami3aTopa TMOOIYHUMH TMPOTYyKTaMH
peaxiii.
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Homogeneous catalytic oxidation of toluene under the ultrasonic action
S.R. Melnyk, V.V. Reutskyi, Yu.R. Melnyk

Lviv Polytechnic National University, str. S. Bandery 13, Lviv, 79013, Ukraine
Stepan.R.Melnyk@Ipnu.ua, Victor.V.Reutskyi@Ipnu.ua, Yurii.R.Melnyk@Ipnu.ua

The regularities of toluene catalytic oxidation with molecular oxygen catalyzed by cobalt (11) acetate in a liquid
phase under the ultrasonic action have been researched. It was found a close relationship between the temperature and
pressure of the oxidation process. The relationship determines the reaction rate, the reaction products composition, and
the toluene limiting conversion value. It was found that the ratio between a sonochemical reaction rate and a toluene
oxidation reaction rate without ultrasonic action increases with increasing the reaction temperature both at the process
initial stage and higher values of hydrocarbon conversion. Simultaneously, an increase in the rate of toluene oxidation
reaction under the ultrasonic action was detected only at a temperature of 430-438 K and a pressure of 0.4 MPa.
Under all other conditions the rate of sonochemical reaction is lower than the toluene oxidation rate without ultrasonic
action. An extreme reaction rate dependence of the homogeneous catalytic toluene oxidation on pressure at constant
temperature was revealed. It is established that the reaction rate decreases with pressure increasing under the
ultrasonic action more significantly the higher the reaction temperature is. In general the sonochemical reaction rate is
lower than the rate of catalytic toluene oxidation. It was shown that ultrasound affects the concentrations of all
reaction products. The relationship between the product concentrations obtained in the sonochemical reaction and in
the toluene oxidation reaction without ultrasonic treatment depends on temperature and pressure. It is established that
the main changes in the quantitative composition of oxidation products are to increase/decrease the benzoic acid and
benzyl alcohol concentrations under the ultrasonic action. The decrease in the sonochemistry reaction rate of toluene
catalytic oxidation at the reaction initial stage and its simultaneous increase at higher values of hydrocarbon
conversion, as well as changes in the reaction products selectivities, and the ultrasonic effect on the toluene limiting
conversion indicate that the cavitation affects on the changes in the regularities of catalyst-intermediate complexes
transformations.

Keywords: oxidation, toluene, benzoic acid, benzaldehyde, benzyl alcohol, catalyst, ultrasound, cavitation
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AkTuBanig 3B'a13kiB C—H HopMaJbHUX ajKaHIB
y cipuanokucaux pozuuaax Mn(111)/Mn(l1)

JLK. Boaxkosal, 1.O. Oneiina?

Ynemumym izuxo-opaaniunoi ximii i eyzneximii in. JI. M. Jlumeunenxa HAH Yxpainu,
eyn. Xapxiecvre wioce, 50, Kuis 02160, Yipaina, volkovalk@gmail.com
2Biodinennsa ¢hisuxo-ximii 2opiouux konanun In@OB im. JI. M. Jlumeunenxa HAH Yxpainu,
eyn. Hayxoea, 3a, Jlvsie 719060, Vipaina, opeida_i@yahoo.co.uk

s eusHauenns npupoou Aimimyrouux cmaoii peakyitl HOPMAILHUX AIKAHIE MEMOOOM KOPEISYIHO20 AHANIZY
00CHIOIAHCEHO 3ANEHCHOCME MIdC To2apudmamu cybcmpamuoi cerekmueHocmi peaxyit arkauie y posuunax HSO4 3
00Hum 3 Haubinewr axmusnux ionie Mn(Il) i eracmusocmsamu monexyn ma munom 36 %53xie C—H. 3icmaenenns
OMPUMAHUX PE3YIbMAMIe 3 KEAHMOBO-XIMIUHO 0OPAXOBAHUMU 3MIHAMU eHMANbNII PI3HUX MONCIUGUX 6APIAHMIE
nepebicy yiei enemenmapHoi peaxyii 003601UN0 YMOYHUMU MEXAHIZM I 3aNPONOHY8AMU Mecmu HA BUKOHAHMHS
Mexaunizmy noginonol aimimyiouoi cmadii. Tlokazano, wo 0ns QIKAHIE (emaw, NEHMaH, 2eKCaH, 2enmaH, OKNAH)
HatOiIbUW MOYHO BUKOHYEMbCA NIHIUHA 3ANEHCHICMb 3 NOMEHYIaNoM [OHI3ayii, HAlMeHW MOYHO — 3 KiLIbKIiCHH
emopunnux C—H, wo ceiouume npo 6iopus eiekmpoua 6 nosinbuill aimimyrouuilt cmaodii. /i kopomutoco psoy
NeHMAaH—OKMan Madice 3 O0OHAKOBOK MOYHICIIO GUKOHYIOMbCA KOPENAYIUHI 3a/edCHOCMI 5K 8I0 KITbKOCMi
emopunnux C—H, max i 6i0 nomenyianie ionisayii, wo pooums HEMOICIUSUM 6CHAHOBUMU NPUPOOY NOGITLHOT
cmaoii. Pesynomamu keanmogo-ximiunux pospaxynkie peaxyiii zexcany 6 pozuunax Mn(IIN/Mn(l) — H.SO4
nokazanu, wo Hausueioniuumu € siopus erekmpona Mn(lll) i nacmynuuii nepenoc npomona abo ecomoniz 36 s3xy C—
H nio dicio Gicyrvgpamnozo paouxana, sikuii, imogipro, ymeoprocmocsi npu oxucienti cipuanoi kuciomu Mn(111).

Kntouoei cnoea. n-anmkann, cyocTpaTHa CENIEKTUBHICTD, CHEPTis 1 KITbKIicTh 3B s13kiB C—H, motenmian

10HI3aIli1, JIMITyr04a CTais.

Bcemyn

AJKaHU, SIKI € OCHOBHMMH KOMIIOHEHTaMH
HOPUPOAHOTO Ta3y Ta Ha(TH, BUKOPUCTOBYIOTHCS B
OCHOBHOMY $IK HEBiJHOBJIOBaHE BHKOIIHE ITaJHBO.
@dakTU4yHa I1HEPTHICTH aJNKaHIB MEpPElIKOKaE ixX
XiMIYHOMY NEpPETBOPEHHIO B NPOILYKTH 3 BHCOKOIO
JnojaHor BapTicTio. [1InsxoMm /10 TakuX MPOIYKTIB €
¢dyukmionamizamis ankauiB [1-6], 30kpema, mpsme
NepeTBOPEHHS HAaHOIbII 1HEPTHOTO 3 HUX — METaHy
«B TiHHI XIMIYHI pEYOBMHU TIPH TeMIEpaTypi
cyrreBo Hmk4e 800 °C i BHUKIIOYAIOUN OTPUMAHHA
cunTe3-rasy € onuieto 3 “Grand Challenges” B ximii»
[7]. Tlomykx HOBHMX aKTHBHHX, CEJICKTHBHHX Ta
CTIMKMX KATAIITHYHHUX CHUCTEM 1 OKCHUIAHTIB I
HpSIMOTO OTPUMAaHHS MPOAYKTIB 3 ajkaHiB [8-12] ta
BUBUCHHS MeXaHI3MiB (yHKIiOHami3alii ajkaHy B
MPUCYTHOCTI SK TOMOTEHHHUX, TaK 1 TETCPOTCHHHUX
KaTali3aTopiB, 3TUIIAIOTHCS MPEIMETOM YHCICHHHX
nocmimpkens [13-15].

MokHa BHAUIITH TPU OCHOBHI HANPSIMKA
Cy4JacHUX IOCTIDKEHh MeXaHi3MiB (hyHKITIOHATI3aITii:
1) BCcTaHOBNECHHS IPOMDKHUX PEYOBUH 1 OPYTTO peaKiliit
iX mepeTBOpeHb Ha LUIAXY BiJ BUXIJHOI CHPOBHHH 10
NPOAYKTY; 2) BHUBYEHHS KIHETUKHM E€IIEMEHTAPHIX
peaxiiil ycix MpOMDKHUX XiIMIYHUX YaCTUHOK (MOJIEKYI,
10HIB, paIMKaiB, KOMIUIEKCIB i T. II.), IO OepyTh y4acTh

B OKPEeMHUX CTafisiX TMpOLECy; 3) BCTaHOBCHHS
MEXaHi3My MEpeMillIeHHsI aTOMiB Ta eJIeKTPOHIB Yy
eIIEMEHTapHUX XIMIYHMX PEaKIlisfx (aKrax), 30Kpema, B
HAMOUTHII BIUIMBOBUX, SIKIi BHU3HAYAIOTh 3arayibHY
IIBUJIKICT Ta CEJICKTUBHICTH YChOTO MpOIleCy. Takoro
cTaji€lo 3BUYaliHO € peakiis mo 3B's3kax C—H sk y
Hacnuennx (AlkH), tak i B apomarmunmx (ArH)
BYIJICBOJTHSIX, 1 BAYKITFIBO 3pOOHUTH BUOIp MiXK HAHOIIbII
BipoTiTHUMHU MexaHi3Mamu BiapuBy enektpoHa (ET,
electron transfer mechanism) a6o romomnizy C-H
(HAT, H-atom transfer mechanism).

BaxmmBrM =~ HampsMKOM €  JOCHIDKEHHS
MEXaHI3MiB PeaKIii HACHYEHWX BYIJICBOJHIB Y M'SKHX
ymoBax (t<200 °C, HopMasTbHHI THCK TOIIIO) Y BOJHHX i
CIPYaHOKHCIIMX PO3YMHAX OKHCHUKIB, METAJIOKOMILICKCIB
i pamikamiB (Ox, 3aranbHe TIO3HAYEHHA IUX
peaKTaHTiB) Ha MiACTaBi KIHETMYHMX 3aKOHOMIPHOCTEH
[16-21].

OxwucmoBanbHa (QyHKIIOHATI3aIisl BYTJIEBOA-
HiB 10 3B's13kax C—H cxematnuno mepebirae nusixom
YTBOPEHHSI TEpHIoro iHTepMeniaty Yi (3BUYalHO
HaWTIOBIIBHIMIA CTamis) 1 MOMATBITAMH CTaIisIMHU
MEepEeTBOPEHHS HOTo y MpoayKTH Pi:

AIKH + 0x = Y1+ Y, —>...—> P, @)
a pO3MOYMHAETECS 3 epeTBOpeHHs OX B TaKy YaCTHHKY,
B3a€EMOJIsl AKOI 3 aJKaHOM JIO03BOJISIE KOMIIEHCYBAaTH
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eHeprito, moTpiOHy Ha aktuBamito C—H. Jus Takoi
YaCTUHKA  BUKOPHCTOBYIOTb  Ha3BU  "aKTHBHA
yactuHka” abo "Oe3nocepeHiil peareHT”.

Hectporuii tepmin "axtuBauiss C-H" y Ttakux
mpolriecax BH3HA4Ya€ CTBOPEHHS YMOB, sKi 3a0e3-
MevyoTh 37aTHicTh 3B's3ky C—H no posmerenns [1,
16], 3 momamemmoro 3amiHoro aroma H B AIKH Ha
¢yHKIIOHANBHY TPyITy X, IO MPUBOAUTH IO IIHHUX
cnonyk AlkX. IIBuakicte mepmoi crafii peaxiii (1)
OIUCYETHCS PIBHSIHHSIM:

—(d[AlkH],/dt) = ki[AlkH],= k2[AIKH][Ox],,  (2)
ne [AlkH], i [Ox], - koHueHrpamii ankana i
OKHCHHUKA y po3uuHi (p), K1 i K2 — KOHCTaHTH MIBHI-
KOCTI TIEPIIIOTO 1 IPYroro MOpsAKY BiIITOBITHO. 3MIHU
BEIMYMH [UX KOHCTAHT JIO3BOJIAIOTH BCTAaHOBUTH
BILIMB MPUPOAM OKCHAAHTY, cyOcrTpary, 3B'si3ky C—H,
PEAKIIIIfHOTO CEepe/IOBHUINA Ta YMOB Ha NIepedir peakilii, 1110
€ OJHMM i3 IUISIXiB BCTAaHOBJICHHA ii MeXaHi3My
(npuponn). Tak, AOCTIMKEHHS BINIUBY KHCIOTHOCTI
CepelloBHIa HA BEJIMYMHY KOHCTAHTH HIBHIKOCTI
JIO3BOJISIE BUSIBUTH KUCIIOTHHM KaTalli3 i BCTAaHOBUTH
MpUpoOAy akTHBHOI dacTuHkW. Ha mnpuxmami 10-u
cipganokuciux, [H2SO04] = (45-99,5) %, po3unnis Ox:
nmepokcocrionyku  (H202 a6o (NH4)2S;0g), meTan-
oxommuiexcu  (Pd(I1),  Pt(l1), Hg(ll)), xucmorn
(H2CrOs4, HNOs, H:SO., HVO0s), 1l-amamantanomn
(AdOH) i dopmampaerin (CH.0) peakrii Gymu
BiJHECEHI [0 TPHOX TPyN BIANOBIZHO CTYIEHIO
MPOTOHYBaHHS Okcupanty [21]. V rpymi 1-ii omgHO-
kparHe npotoHyBanHs (H202 a6o (NH4)2S:0s, Pd(I1),
Pt(Il)), y 2-it — npoTOHyBaHHsS 3 HACTYITHOIO JIETij-
paramiero (AdOH, H2CrOs, HNOs, H2SO4), v 3-it —
Oinpin rmboke 2-3-kpatae mnporonysanus (Hg(Il),
HVOzi CH,0).

Jns mOpiBHAHHS pPeakUidHOl 30aTHOCTI psIy
aNKaHIB y peakmisx 3 ogauM OX, a TakoX 3 Pi3HUMH
OKHCHUKAaMHM TIOpSJ 3 KOHCTAaHTaMH HIBHJKOCTI
BUKOPHCTOBYIOTh BIJIHOCHI KOHCTAHTH IIBHJKOCTI

(Ksizn), SIKi e HA3WBAIOTh cyOCTpaTHUMHU
CEJIEKTUBHOCTAMM:
kBiﬂH = kAIkH/kAlkH'i JJIA AIkH, kBiﬂH.: l; (3)

0 JeMOHCTPYIOTh 3MiHY peaKIiifHOT 3IaTHOCTI
BYIJIEBOJIHIB Y AOCIHIIKEHOMY DAY MO BiJHOLIEHHIO
1o oxguoro AlKH', Tak 3Banoro pemepa, BUOpaHoro 3
pany AlkH.

Y nmaniii poOOTI JuUId BCTaHOBJEHHS TPHUPOAN
MOBUTbHUX CTAJIIHl y peakiisix HOPMalbHHUX ajKaHiB (K-
ankaniB, N-AlkH) 3ampomonoBaHO  BUKOpHCTaTH
Kopensanii cyocrtpatHa cenektuBHicTh N-AlkH —
xapakTepuctuka N-AlkH.

Merta 1i€i poOoTH: Al HOPMAIBHUX AJIKaHIB
pany C>—Cipo Bim eraHy no fAekaHy 1) mociiguTh
3B'SI30K MK 1iX XapaKTepUCTHKAMH: MOTCHIiAJIOM
i0Hi3arlii, KiabKicTIO BTOpHHHUX 3B's3kiB C—H Ta ix
eHepriii aucoraiii; a TakoK BHUKOPUCTATH IIi
XapaKTEePUCTUKN y KOPEJAIisAX 13 CcyOCTpaTHOIO
CEJEKTUBHICTIO JJIsI BU3HAYEHHS MOBIILHOI CTafii, 110
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JMITy€ IMBUAKICTH peakilii; 2) Ha IMPHKIaNi CHCTEMH
mapranenb(l11)/mapranens(ll) — H>SOs mnepeiputu
3aCTOCOBHICTh KOpeNLiil cyOCTpaTHa CENeKTUBHICTH
n-AlkH — xapaxrepuctrka n-AlkH, a Takox 3icraBuTH
OTpUMaHi BUCHOBKU 3 KBAaHTOBO-XIMIUHUMH OI[IHKAMHU
3MiHU eHTaNbIii nepuroi cranii npu ii nepebdiry 3a ET
ta HAT MexaHi3mMamu.

Excnepumenmanvha wacmuna

Kinetnyni mOCHIPKeHHS peakiii HaCUYCHUX
BYIVICBOOHIB Yy  BOTHOMY K  CipYaHOKHCIOMY
CepeIoBHIIaX B YMOBAaX HH3bKOI PO3YMHHOCTI Ta
Bucokoi yietkocti AlkH tipoBoasts 3a moaemtio [16],
sKa JIO3BOJIIE BHUUIMTH TEPUIY IOBUIBHY CTalil0 —
CTai10 BXO/KCHHSI aJIKaHa y PEaKIfito — i JOCTHiauTH ii
KiHeTHKY 3a 3MiHolo KoHueHTpamii AlkH npu
CYyTTEBOMY HAJUIMIIKY OKHCHUKAa HaJ[ BYIJICBOIHEM
([AIKH] << [Ox]):

W = — (d[AlkH]/d7). (@)

Jis BuBueHHS niepioi crafii peakmii AlkH, 1o
mepediraroTh y pO34MHI 32 YMOB, KOJIM 3HAYHO OiTbIIa
YacTKa HACUYCHHMX BYTJICBOJHIB MPHCYTHs Yy Tra3oBii
¢a3i Hag pO3YMHOM, BHKOPHCTAHO KIHCTUYHHIA
posnomimpunit  Meron (KPM) [16]. Kinetuky
MOCHIDKYIOTh Y 3aKPHTOMY pEaKTopi, IO BMIIIye
peakuiiiHMi po3urH i razoBy ¢asy 3 AlkH, 3a 3miHOIO
y 4aci konueHtpauii AlkH y rasosiii ¢asi. Enepriiine
CTpYIIyBaHHS peakTopa 3a0e3rnedye piBHOBKHUI
PO3MOT anKaHy MK Ta30M 1 PO3YMHOM Ta Tepedir
peakiii y po34rHi B KIHETUYHINA 00JIacTi, 110 J03BOJISIE
BuKopuctaTi piBH. (2). IIpn mpomy crnoctepexyBaHa
KoHcTaHTa K HE JOpiBHIOE ICTHHHIM KOHCTaHTI K 3
piBH. (2), a MOB's3aHa 3 HEIO CIIBBIAHOLICHHSIM:

Ky = d(In[AIKH].)/dt, Kk =k,(1+al)), (5)
e o — KoediieHT pPIBHOBAXHOTO PO3MOLTY KOH-
nentpaniii  ankany [AIKH]/[AIKH], wmix rasom
([AIkH]:) 1 posumnom ([AlkH],), A— BimHOIICHHS
V/V, 06'emiB razy (V;) i pozuuny (Vp) y peaktopi.
Ananiz mexawizmie peakyii. Enexmpouni ma
CMPYKMYPHI XApaAKmepucmuKy diKanie

VY ¢izuko-opranivyniii ximii [22] npu anamisi
MEXaHI3MIB  peakiii MIMPOKO  BHKOPHCTOBYIOTH
KOpEJSIIMHNI  aHami3, Jae  3iCTaBIAIOTh  Pi3HI
XapaKTEPUCTUKUA XIMIYHUX YaCTHHOK: CTPYKTYpHI
(KUTBKICTh 1 THH 3B’sI3KiB, HASBHICTh (PYHKIIOHATEHUX
TPyI Ta iX XapaKTEPUCTHKH, TEOMETPIiS YaCTHHKH),
€JICKTPOHHI (MOTEHIIaNK 10HI3aIlil, CIIOPiIIHEHICTh 110
CIICKTPOHY, PO3MOJALUT EICKTPOHIB IO aroMmax), 3
KIHETUYHUMHU (opstmox peaxiiii, KOHCTAHTa
IIBUJKOCTI, €HEpris akTHWBallii) 4YH TEpMOJHMHA-
MiYHUMH (KOHCT@HTa piBHOBarW, BiJIbHa EHEPris
peaxmii, eHTaNmbIii peakiii, eHepris AwcoIiamii
3B'SI3KYy) XapaKTEPUCTUKAMU IX PEAKIIii.

st n-ankaHiB y pAay Bix eraHy a0 aekany (Co—
C10) BHKOPHCTAHO XapakTEPUCTUKH (Xak): €Hepris
nucoriarii 3B's3ky C—H D¢y 1 moTeHIianm ioHizamii
n-AlkH I; a takox xinekicts 38's13kiB C—H, 3arampHa
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N(CH)a1 = 6 + 22, Bropuranx N(CH)see= 0 + 16 Ta ix

BigHOomeHHS N(CH)seo/N(CH)ar = 0 0,73, mo

xapakrepusye BHecok BropuHHHX C—H mo 3aranbHOTO

yucia C—H y monekyni. Kinbkicts 38's13kiB N(CH)a,

N(CH)see Ta 1x BigHomeHHs N(CH)se/N(CH)ay

MTO3HAYEHO Nal, Nsee TA Nsee/Nanl BioBiaHO (TabII. 1).
Enepeis oucoyiayii 36 s3xie C—H.

Bemuunan Dcy mnepBuHHUX (neps.) i BTO-
punHuX (6mop.) 3B's3kiB C-H s u-ankaHiB €
Bitomumu [23-24]. Benuunna Dc g st 38's3ky C-H y
MeTaHI MakcUManbHa i Ha ~ 20 k/[»K/MOJIb € OLIBIIOO,
HDK y eraHi. YcepegHEHI eKCHepUMEHTaNbHI W
po3paxoBaHi Dcu nopiBHIOIOTH (420+2) mist neps-C—
Hy psany Co—Cr71i (41242) xx/monb mist emop-C-H y
pany Cz—Cg. Ockimbk¥l Dyeps-cci > Degmop-cn, TO ¥
Bumnaaky po3puBy C—H y nmiMiTyrounii craaii HaiiMeHI
aKTHUBHUM Oyje MeTaH, MmBUAKICTh peakiiid N-AlkH y
psany Bim erany g0 gekany (Cx—Cip) Oynme
MIPOMOPIIIHOIO 0 KiTbKOCTi 6mop-C—H.

Ilomenyianu ionizayii H-a1KaHis.

Bennuunu | (Tabmn. 1), 3MiHIOIOTBCS B IIUPOKOMY
mianazoHi [25]. V psagy Ci—Cipo I 3MeHmIyeTbcs Ha
2,96 eB, mpu oMy 3MmenmeHds | waibinemre, 1,09,
mpu niepexoai Big CHa mo CoHe, mami 0,99 (CHe—n-
C4H10), 0,73 (n-C4H10—n-C8ng) i 0,15 (n-Cngg—n-
CiuoHz). V mamkanmis C,Cg moTeHmian ioHi3armi
3MeHnryerbest Ha 1,72 eB. ToOto, y BHmaaky, Koiu
OCHOBHY pOJIb Biflirpa€ BiIpPHB eJNEKTPOHA BiJ H-
aJIkaHy B JIMITYIOUMH cTanii MBUAKICTD peakuii Oyxae
Haiimenmoro a1 CHs, a BenuuyuHa BiJHOIIECHHS
KOHCTaHT IIBHAKOCTI Oyae 3MeHIIyBaTucsi B PALY
eTan/MeTaH >> mpomnan/etaH > OyTaH/mpomnaH, Aaii y
pany Cs—Cg 3menmenns Oyae mosinpHime i y (Cs—Cio)
IIyKe TIOBUITbHE.

3anexcnocmi  midc  xapakmepucmukamu M-
QIKAHI8 Ma ix cCMmpyKmyporo.

3a jmaHuMu Ui H-ajkadiB (Tabma.1) mokasaHo
BHKOHAHHS KOPEJAIIN MOTeHITiany ioHi3amil | B Jrcia
emop-C—H i BimHoteHHS (Nsee/Nant). 3aMEKHICTE | —Ngee
ONMCYEThCSI  JIHIHHUMH ~ DIBHSHHSMH 3  HU3BKUMH
KoedirieHTamMu ierepmiHartii R?:

=-0,108'nsc + 11,14 R2=10,896, (6)

=-0,135nsc + 11,26 R2=10,926, @)
piBasiHas (6) mwis psagy Co—Cio ta (7) mis Co—Cs; a
TaKOX 3 BUCOKUM KoedimienToM R? mist psiy Cs—Ce:

| =-0,082:nec + 10,73  R?=0,994. 8)

[pu posrmsami JiHIAHOT 3aMEXKHOCTI  |—Nsec,
BIOXWJIEHHS BIiI JHHIAHOCTI 3aJIeKATh Big 00JacTi
BUOOpY mapamerpa Nsec. Bl aimsaaku Co—Cs 1 Cs—Cio
MaroTh MakcHMaibHi 3HadeHHs R2=0,990 i 0,965
BIAMOBIAHO. AHam3 3a1eXHOCTI | BII Nec T03BOISE
TIPHUITYCTHTH, 110 BUKOPHUCTaHHSA XapaKTEPUCTUK H-aJKaHIB
| Ta Ng U1 BU3HAYEHHS TPUPOAM TOBUIGHOI CTail sIK
BIIpHB eliekTpoHa a0o sk romom3 C—H, HaWOiIbII
nocToBipHE B yeboMy psimy Co—Cio.

3a1ekKHICTh |—Nsec/Nall OTIMCYETHCS JTIHIFHHOIO KOpe-
JISIIIER0 3 BUCOKOKO TOYHICTIO Y BCii o0acTi BenuuuH |

T2 Nec/Nan 1151 psazty C2—Cio:
I =-2,60-(Nsee/Na) + 11,56 R2=0,997 9
1 3 TakuM camuM R? g Co—Cg. Bigmitumo, mo B
pany Cs—Cg miniitna xopemsrist 1-Nsec/Nai:
I =-2,93 (Ngee/Na) + 11,76 R2=0,985 (10)
BUKOHYETBCSI HaWMEHII CTPOro, TOXMI fAK JiHiliHa
KOPEemsIis |—Nsec — HAHOUIBI TOYHO, R?=0,994.

Pe3yrvmamu ma ix 062060penns

Hns enexTpodimbHUX peakuid ankioeH301iB
BHKOHAHHSI JIIHIMHUX KOPEIAIiiH CcyOCTpaTHOI Cellek-
THUBHOCTI 3 ocHOBHICTIO ArH abo 3 iX moreHIaIaMu
10HI3aIii CBIAYHUTH PO MOBUIEHY CTAIiI0 YTBOPEHHS G-
KOMILJIEKCY a00 KOMIUIEKCY 3 IEpEeHOCOM 3apsja
BignoBinHo [26]. Hamu mj1st BCTaHOBICHHS MEXaHI3MiB
peakmiii N-AlkH Ha ocHOBI KiHETHYHHX IAHMX IS
cuctemu  Mn(I11)/Mn(11)-H,SO, Bukopucrana imes
KOpeJsIiii cyOcTpaTHA CENCKTUBHICTh — IMapaMeTpH
AJIKaHiB.

Cucmema Mn(111)/Mn(I1) — HySOs.

Posunrn Mn(l1l) y cipuaniii KMCIOTI HECTiHKI,
ockimeku MN(I1l) sk CHUIBHHMI OKHCHHUK B3a€EMOJIE 3
poszunHHUKOM 3 yrBOpeHHaM Mn(Il). s ramsMmyBaHHs
posmaxy Mn(l11) o #oro posuauny momatote Mn(Il) [17].
ITpu oxucnenHi nuknorekcany B 90%-nit H2SO4 npu
90 °C xoncranra mBuakocTi posmaxy Mn(l11) mopisaroe
2:10° ¢l ChexrpodoTOMETpPHYHO TOKA3aHO, IO
posmaxg Mn(lll) y BiacytHocTi ByrieBoAHs BinOy-
Ba€ThCA mpomopuidHo mBuakocTi peakuii  AlkH.
3anporioHoBaHo [ 16-17] MexaHi3M, B SIKOMY KITFOUOBY POJTh
B okucienni AlKH 1y posmani Mn(l1l) Binirpae okcu-
nauiss  Mn(lll) cipuaHoi KuCIIOTH 3 yTBOPECHHSIM
panukainis, iMmoBipHOo HSO,®, sKki HMIBHIKO pearyioTh 3
AlkH yepes romoniz C-H.

Cybcmpamna ceneKmusHicms peakyil H-aIKauis.

VY tabn. 1 mis peakuill eraHy, NeHTaHy, T€KCaHy,
renrady, oktaHy y cipyanokuciux (90% H>SO4, 90 °C)
pozumnax Mn(lI1)/Mn(ll) HaBemeni BuMipsHi KiHe-
THYHUM  PO3MOAUIHYMM MeTofoM [16] BenmunHH
KOHCTAHT MIBHAKOCTI 1-ro mopsnky Ki. Te, 1o xiHeTwyHi
JIOCII/DKCHHST TIPOBEICHO JUTSl  KOXKHOTO ~ H-aJIKaHy B
OJTHAKOBHX YMOBaX, JI0O3BOJIsIE€ mepeitH Bix Ki 10
BIJIHOCHHX KOHCTAHT IIBUIKOCTI Ky — CyOCTpaTHOi
CENIEKTUBHOCTI, piBHAHHA (3). B sikocTi «pemnepHoro»
ankany BuOpamu n-tieHTaH: KyimwAlkH = kiAlkH
/kiCsH1z, mast n-CsHiz KyiwCsHiz = 1. 3a manumu
Tabn.1 BenmuuHa Keige 3poctae Big 0,22 y etaHy a0
2,14 y okTaHy i CBITUHTE PO BaroMuii BHecok neps-C—H
y MIBUAKICTH PEAKIIiH, KA 3MEHIITYETHCS 31 3pOCTAHHM
Nsec. Bemnmumua KiCyHs cxmamae 20% Bim kiCsHs i
3HIKyeThes 10 10% Binm KiCgHis.

Momnekyna etany Mae 6 neps-C—H, momekymu
ankaHiB psaxy Cs—Cio, sk 1 CoHg — 6 3B's13kiB neps-C—H,
a Takox emop-C—H, KUIBKICTh SKHX 3aJCKHTh BiX
n(CHz) — kinmbkocti rpyn CH», mo 3pocrae Big 1 mms
C3Hs no 8 mis CioHzz, 1 mopisHtoe 2-n(CHy).
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Ta6mums 1. XapakTepucTHKH N, Nall, Nseo/Nail 1 moTeHmiamm ionizawii (1, eB) ais #-ankaniB. Bumipsini KoHcTaHTH
mBuakocti (K1 y ¢?) s peakuiii r-ankanis y posunnax Mn(111)/Mn(11)-90% H,SO4 npu 90 °C [17], Bemunnu
cyocTpaTHOI CeTeKTUBHOCTI K | K(S)sim

Ne | n-AlkH Nec Nal Nsee/Nal 1[25] ki10° K K(S) s
1 CoHs 0 6 0 11,52 0,31 0,22 0,0
2 CsHs 2 8 0,25 10,94 — — —
3 C4Hio 4 10 0,4 10,53 — — —
4 CsHa 6 12 0,5 10,28 14 1,00 0,78
5 CsHus 8 14 0,57 10,13 17 121 0,99
6 C7His 10 16 0,62 9,93 2,3 164 1,42
7 CgHus 12 18 0,67 9,80 3,0 2,14 1,92
8 CoHao 14 20 0,7 9,71 — — —
9 CioHz 16 22 0,73 9,65 — — —

Takuit cripoleHuid MiAXiJ 0 OMHCY H-aJKaHIB
J03BOJSIE€ BEIMYMHY Keinw 1011 KOkHOTO N-AlKH,
MOYMHAIOYM 3 TPOMAaHy MPEJICTABUTH 3a MPUHIUIIOM
AJUTUBHOCTI SIK CYMy CyOCTPaTHOI CENeKTHBHOCTI I
eTaHy, 110 oOymoBiena Juie neps-C—H, i
cyocTpatHOi ceneKTHBHOCTI K(S)siz, 110 00yMOBIIEHA
BropuaHuMH (Second) 38"s3kamu C—H:

kBi,ElH = k(C2H6)BiHH + k(S)Bi;u—n (11)
ne Ksign 1 Kconeysinn — CyOCTpaTHI CENEKTHBHOCTI IS
KOXKHOTO H-ankaHy B pany C>—Cio 1 eTaHy BiANOBiAHO;
K(S)sizn — CyOCTpaTHaA CEEKTHBHICTE IS KOXKHOTO H-
ankady B psiny C3:—Cio, sika oOymoBieHa smop-C—H;
0ueBHIHO, IO K(S)simn = Keim — K(c2Ho)sinn 1 A5 eTany
k(S)BiHH: O

Kinerrmuni oCHiKEHHS HACHUCHUX BYTJICBOIHIB
nposeneHo [16-17, 21] y 14 cucremax Ox—H»SOa. s

erany KPM BuMipsiHa KOHCTaHTa IIBHUAKOCTI peakuil

mie 3 ionamu Mn(111) Ta orpumMana orfinka BenmuuH K
s cucrem 3 nanagiem(ll) i witponiii karionom NO;".
st pemitt 11-1 cUCTEM PEaKTUBHICT €TaHy BUSBUIIACH
HEZOCTaTHBOIO UIS BUMIPIOBAHHS KOHCTaHTH ILIBUIKOCTI
meronoM KPM, a Bimrak Kcoeysim € 3HAYHO MEHIIIOIO,
HIK Kgigs 1711 ankaniB C3—Cio, TOOTO BHECKOM neps-C—H
MOKHA 3HEXTyBaTH i ToAl piBH. (11) 3BomUTHCS 110 Kyimn
= K(S)sijun-

Posrnssnemo moxmuBi ET i HAT wmexanizmu
MOBUTBHUX CTafiil OKHCIIOBAIBHOI (yHKIIIOHAII3AIii
3B’ si3kiB C—H.

Tomonimuunuii pospus 36 s13xy C—H.

VY Bumajaxy, KOJHM peakiis BimOyBaeThCs depes
pospuB  C-H, 1i 1BHAKICT  KOHTPOJIOETHCS
BeIMUMHOIW eHeprii 3B's3kiB C—H, 1m0 pByThCs.
Ockinpku 3a nanumu [23-24] BenuuumHM  eHepril
3B's13KiB nepe-C—H y monekymi erany (420,51,3) i neps-
C-H y w-ankanax C3-C; (420%+2) cniBmamaioTh, a
ycepenuenux emop-C-H y  w-ankamax (Cs3—C7)
JOpiBHIOOTH (412+2) k/[»x/Mo1nb. Tectom Ha romomniz C—
H MoxyTh cimyxutn Kopensiii BeauduH Ky 1 K(S)sim,
a Ttakox 1x sorapudmis, IgKsim 1 10K(S)sim, sKi
MOB'sI3aHI 3 CGHEPreTMYHMMH BHUTpaTaMH Ha PO3PHB
3B's13ky C—H, Bin kinbkocti 6mop-C—H.
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BpaxyBaHHs cTepHuHHX (aKTOpiB, a TaKOXK
moctymHocTi 3B'si3kiB C—H mmst arakm  Ox, sika
3aNIeKUTh Bif Micus B naHiory C-atomiB, BUMarae
OKpPEMOTO PO3TIISY.

Biopue enexmpona 6io monexyau H-aikamy.

Y Bumamky, KOJIM peakmis BiIOyBaeTbcs depe3
BIJPUB €JEKTPOHA BiJ MOJIGKYNH ajikaHy, ii
IIBUIKICTh KOHTPOJTFOETHCS IMMOTEHITIATIOM 10HI3amii N-
AlkH. Bucoka TOYHICTE BHKOHAHHS JIHIHHOI
KOpemsIii MK XapaKTepUCTUKaMU H-ajkaHiB | Ta
Nsec/Nan, piBH. (9) mO3BOIsIE B AKOCTI TECTIB Ha
MIePEHOC EJICKTPOHA 3aIpOTIOHYBATH KOPEISIii BETMYHH
kBi)IH, k(S)Bi}lH 1 1ngi21H, ng(S)BiHH Bi,Z[ | Ta Biﬂ nsec/nall-

Binbin BUCOKa TOYHICTH OIHOI 3 PO3TIISHYTUX
JMHIKHAX KOPEJSIIii cyOcTpaTHOI CEIeKTHBHOCTI Bif
Nsec, | U Ngeo/Nall TO3BOINISIE BigmaTvl mepeBary adbo
romonizy 3B's3kiB C—H, abo BimpuBy enekTpoHa B
MOBUIBHIN CTafil, sSKa JIMITyE 3arajbHy LIBHIKICTb.
Hesucoka TouHiCTh At OYIb-IKOTO 3 TECTIB MOXKE
CBITYUTH TPO OUTHIN CKJIAJTHUA MEXaHI3M IMOBUTEHUX
CTajiid, WIO JIMITYIOTh WIBHJKICTh pEaKIlii, uu
HasBHICTH reTepoiiTuaHoro po3puBy C-H 3
YTBOpEHHSIM Tiapua ioHa H™ Tomo.

IIpo npupody rimimyroyux cmaoiil y peaxyisx
n-anxanig y cucmevi Mn(1IN/Mn(11) — 90% HySOa.
PosrnsiHyTo ITiHINMHI, €KCHOHEHINANbHI, CTYTIEHEBi Ta
sioraprdMiHi 3aeKHOCTI Kz 1 K(S)sim, 8 TakoK 19Ky, i
IgK(S)siw Bim BemMuMHUM MOTEHIiaNa ioHi3amii, ymucia
emop-C—H 1 BigHOmICHHSA Ngeo/Nan.  JlocmimkeHo
BUKOHAHHS KOPEJAIIMHUX pPIBHAHB, SKi HaHOLIBII
TOYHO ONKCYIOTh  3aICKHICTL  /8cyOcTparHal/878
CCJICKTUBHICTh — Xapakrepuctuka. OCKUIbKH s
erany K(S)sm = O, sanmexnocti  1gK(S)sim—Xak mepe-
Bipeno jumie st ankaHiB Cs—Cg, K(S)gim—Xak s Cs—
Cs 1 mpu Xak = Nee gt Cp Cs—Cg. Jliniitni
KopensiiHi 3anekHOCT 1gKum—Xak TiepeBipeHi mst
Cs—Cg 1 Ca, Cs—Ca.

1. Xaik = 1. 3anexunocti Keg—I miug Co, Cs—Csg i
Cs—Cg 1a K(S)im—! mns Cs—Cg HalOUIBIT TOYHO
OTUCYIOTBCS  CKCTIOHCHIIATBHUMU ~ KOPCIBSIIAMA 3
R2=0,995.

Posrnsn nmiHIMHUX KOPESAIIHHUX 3aJeKHOCTEH
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s pany Cs—Cs sk 3a maHuUMU 1QKgim, Tak 1 1gK(S)sim
TIOKA3aB, 1[0 BOHH BUKOHYFOTHCSI IOCUTH TOYHO:
19K(S)sim=—0,811-1 + 8,22 R2=0,995, (12)
IgKsie =—0,684-1 + 7,02  R2=0,992. (13)
Taka X TOYHICTH 30epiraeTbcs i I OLIBII
mupokoro mianazony Cp, Cs—Ca:
19Ksim =—0,557:1 + 5,75 R2=0,995. (14)

BukoHaHHS 3 BHCOKOK TOYHICTIO JiHIHHHUX
sanexHoCTed IQKsiy—| 1 1gK(S)sim—! y3romkyerscs i3
MIPUITYIIEHHSM, IO JIMITyI04a CTafisl MOKe BKIIOYATH
MEPEeHOC ENIEKTPOHA BiJ H-aIKaHy HA AaKTHBHY
YACTHHKY.

2. Xak = Nsec. 3 HAWOINBLIOW TOYHICTIO IJIA H-
ankaHiB Cs—Cg BUKOHYIOTBCS JIIHIHHI KOpeJsiiiHi
3aeKHOCTI 1QK(S)imrNsec 1 19Kejm—Tsec:

1gK(S)sim: = 0,067 + 0,481 R2=0,995, (15)

1gKeix: = 0,056 Nge + 0,652 R2=0,993. (16)

Ile mo3Bomsie MPUIYCTUTH BHECOK Tromodizy C—
H y mBuakicte peaxmiii i HE BHUKIIOYAE IHIIUX
JIMITYIOUUX CTaJlil, HAMPUKJIAJ IEPEHOCY SIEKTPOHA.

3. Xak = NedNan. st Cs—Cg miHIMHI KOpEAIil
ngsmﬂ - (nsec/nall) Ta ng(s)mm-x* (nsec/nall):

1gKsizm = 1,98 (Nsec/Nan) —1,01 R2=0,965, (17)

1gK(S)sime = 2,36 (Nsec/Nan)) —1,31  R2=0,971, (18)
TaK caMo SIK ¥ €KCHOHEHIIANbHI Kgims— Nsec/Nait) 1 K(S)gim
— (Nsec/Nail), BUKOHYIOTHCS 3 HAHUKYOIO TOYHICTIO.

Banexnocti B KoopaAUHATAX Keim—Xae 1 K(S)sim—
Xalk OTIMCYIOTHCSI €KCTIOHCHITIATLHUMHU DPIBHSHHSAMU 32
BUKJTFOUCHHSM JHIHHOT 3aIeKHOCTI Ko Nsec TS pAITY
ankaHiB Cp, C5—Csg. [lpu mepexomi go norapudmis cyo-
CTpaTHOi CENeKTUBHOCTI TOYHICTh JIHIHHAX Kope-
JSIIHHUX ~3aJIeKHOCTeH CYTTEBO 3pOCTaE 1 CTae
HaWBUIIIOIO Cepell BUBUCHUX.

OOuncieni 3a maumMu JUig  ankaHiB Cs—Cg
BeIMUMHN KoedimieATy R? 103BONAIOTH MOpPIBHATH
TOYHICTh JHIHHUX KOpersiii 1gKuu—Xak 1 1gK(S)sim—
Xaik ipH Xalk = Neeof Nait, | T2 N

19Ksim—Xaik 0,965 0,992 0,993

Nseo/ Nall

G (S)simr—Xaic 0,971 | ' [0,995 | ™[ 0,995

Hns ankaniB Cs—Cg BUCOKA 1 OJHAKOBA TOYHICTH
qutst kKopenatiiit 1gK(S)sim—! Ta 1gK(S)sim— Nsec HE M03BOIISIE
PO3PI3HUTH MEXaHI3MH BiZIpUBY eNekTpoHa i romomizy C-H.

Hns ankaniB Cp, Cs—Cg 13 BpaxyBaHHSIM HaWMEHIII
PCaKTUBHOTO eTaHy KOC(IIli€HT KOPEAIIiil, 32 BHHITKOM
1gKsiz—, 3MiHIOETBCS:

19Keim—Xaik 0,987 0,995 0,969

Nsee/Na | n.
Ik | "M - L

[Ipu posmupenHi pianazony ao Cp, Cs—Cg 6auumo, 1o
HaWOIBIII TOYHO BHWKOHYETHCS JiHIHHA KOpEIAIiifHa
3aMeKHICTD 1QKsim—|, HabiMeHmT TOUHO IQKsim s Ll
JI03BOJISIE 3pOOMTH BUCHOBOK TIPO T€, IO CTAIi€r0, sKa
JMITY€ MBUAKICTE peakIlii B ycbomy psamy Co, Cs—Cs, €

BiJIPUB €ICKTPOHA.

BHecok y BHMipOBaHy KOHCTAHTY HIBHKOCTI
KOKHOI 13 cTafii 3amexuTs Big mpupomu N-AlkH i OX.
Sxmo amkann Cs—Cg posmisimaTd  SK  Taki, 10
Binpi3HsAt0ThCs B eTany CoHg HasBHIicTIO rpyn (CH>),
KUTBKICTB SKMX 3MIHIOETBCS Bif 3-X 10 6-H, TO IMepexina
JUTSL HAX Bifl BETHIUH Ky 10 K(S)sim, piBH. (11) no3Bosie
posrymsinaty K(S)iw AK BiJHOCHY KOHCTAHTY, IO TIOB's3aHa
e 3 emop-C—H, ski OOYMOBIIOIOTH MMOTEHITIAT
iOHI3alii alKkaHa, a TakOK MOXYTh OpaTH ydyacTb Yy
pEakIlisIX TOMO-, TETEPOTITHIHOTO pO3MICIUICHHS Ta
neperocy enektpoHa. Jimt Cs—Cg TOYHICTH JTHIHHHX
kopensitiit 1gKsim—Xak 1 1gK(S)si—Xak 3poctae B ogHoMy
pany NedNai < | < Ne 3 HE3HAYHOK TEpEBaroro
BemuuuEM R? 171s Apyroi Kopensuii, mo He J03BOINSE
3pOoOHUTH OMHO3HAYHWIH BHCHOBOK IIPO MPHUPOAY CTaii,
sSKa BHW3HAYAE€ IIBUAKICTh PEAKIH H-aJIKaHIB Bif
MeHTaHy A0 okTaHy. [lapamerpu eraHy CyTTEBO Bif-
pisastorbes Bim Xaw it (Cs—Cs). s eTany Nge=0,
Nse/ Natt=0, K(S)pim=0; Bemmuunua Al =1,24 mix C.Hs Ta
CsHip, Tomi sik Mixk CsHao 1 CgHig A1=0,48eB; enepris nu-
comiariii nepse-C—H nopisuroe (420£2) nns erany ta Cs
— Cg, Tomi K Dgmop-c-1 = (412%2) xJ]x/monb mist Cs-Ca.

Jnst mepeBipky BUCHOBKIB IIOZO JIBOX JIMITYIOUHX i
KOHKYPYIOUMX CTaii peakiiiii H-aJKaHiB y pO3YMHI
Mn(111)-H2SO4 Gyio mopiBHIHO PO3paxoBaHi 3MiHH
EHTAJTBITI i MOYKJTMBHUX PEaKIIiii.

Keanmoso-ximiuna oyinka mepmooOuHamivHux
Xapaxmepucmux — peaxkyitl  H-2eKcawy 6 cucmemi
Mn(HID/Mn(IN-H:SO4. st mocmimkeHHs MeXaHi3MiB
0araTb0X XIMIYHUX peEakiii YacTO HEIOCTATHIMH €
JUIIE Pe3yJbTaTh eKcliepuMeHTiB. EQexkTuBHUM €
BUKOPUCTAHHS  KOpPeNALIMHMX  MeToAiB  (hi3HKO-
opraHiyHoi Ximii, a TakKoX KBaHTOBO-XIMIYHUX
PO3paxyHKiB, fKi CTanW Ba)XJINBUM IHCTPYMEHTOM Yy
3'scyBaHHi Jetanedl Mexadi3miB. [lounHaroum 3 70-x
POKIiB MUHYJIOTO CTOJITTS 3pOOJICHO CYTTEBHMA MOCTYI
Yy BUKOPWCTaHHI KBAHTOBOI XiMii i1 BHUBYEHHA
¢dyHKLIOHAMI3alii ajKaHiB; METOJAaMH PO3PaxyHKiB
3a3Buyail  Oymu  ab initio Ta DFT [27-29], o
HaKjamajio  TeBHI  OOMEXEHHS  Ha  po3MipH
JOCIIDKYBaHUX CUCTEM. BBaxkasocss, Mo MexaHi3Mm
OKcHIaIiiHoT KaTaJlTHYHOT (dhyHKIioHam3anii
BKJTFOYae Juiie rerepoiituyuni cramii [1, 30].3a  oc-
TaHHI  JCCATWIITTA  OTPUMAHO  JIOKa3W  ydacTi
paauMKaiiB, a BigTaK TOMOJITUYHMX CTamiil y
MexaHi3Max Takux peakiii [31-35].

Buxonanns npusiy bpercrenra—Epanca—I lomnsai
B peakiisx aktuBaitii 38’s3kiB C—H y serkux ankanax [36)]
JO3BOJIIE ~ BUKOPUCTATH  CHTAIBINI  peakIiid Uit
XapPAKTEPUCTHKH TX KIHETUYHUX MapaMeTPiB Ta YTOUHCHHS
MexaHi3MiB peakiii. Criprsie oMy CYTTEBE TIOKPAIICHHS
HaITBEMITIPUYHUX METOiB, 30kpeMa PM7, mio B Oaratbox
BUMAJKAX JO3BOJSIOTh OOYMCIIMTH CHTAJbINi peakifii 3
«XIMIYHOIO» TOUHICTIO [37-38].

Mertomom PM7 (maker nmporpam MOPAC-2016)
0o0YMCIIEHO ~ CTaHAapTHI  EHTaNbMil  yTBOPEHHS
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pearyrounx 4acTHHOK (AH°, KKaix/MoJjb) Ta iX 3MiHH
(AAH) tipu MoxmBHX peakiisx #-rekcany (N-CsHig) y
cipuanokuciaux pozurHax Mn(lI1)/Mn(ll). ¥V Ttadm. 2
TIPEJICTABICHO PE3YJIbTAaTH OLIHKWA 3MIiHM EHTAbIIl s
pospuBy émop-C—H romoritudarorO, BipuB atoma H,
mig giero Mn(11), Mn(ll) i HSO.®; peakuii A i I

BiJINIOBITHO; TETEPONITUYHOTO, 3 MEPEHOCOM TiIpHI-
iona H', B; mis BinpuBy elneKTpOHA BiJl MOJCKYIIN H-
rekcany, b, a Takox s 3ampornoHoBaHoi [16-17]
okcumanii Mn(lll) miranga HSOs mo pagukana
HSO,, T.

Tabmuus 2. 3mina enranbnii (AAH) y peakuisx Mn(ll1l) i Mn(ll) 3 n-rekcanom mnpu romo-,
rerepojiituaHomy po3puBax eémop-C—H, Binpusi enexrpona, a takox i3 jgirangom HSO, , peakuii A-T;
pamuxana HSO.® 3 CeHaa, [T, y cuctemi Mn(111)/Mn(11)-H2SO.

Peakuii N-CeHas y pozunnax Mn(111)/Mn(11)-H2SO4 Mi?—%)KKaH/I\h;I(r)]JEiZ) HO;:;;;’EH’I
] |\1/|2(§;3) +| CGHljgs_) MT_H(I';;; C|6H13 G -57 —60 A
- | 1Ton7(+3) |+ CGH7§‘8—> |\|/|n(+28)2;r Cel-||14 5 _362 _176 b
- | T:é;e) +|C5H1_438—> M|n—H(4%)6+ C(|5H13 65 —464 -315 B
AR S | e |
va _1|]-|fO4 r C5T1348—> |‘||23011-|7-7C6H13 0 _38 _38 I

VYci mportecn 3a ydacTio ioHiB Mn € Tepmo-
IVUHAMIYHO BUTITHUMH. AOCONIOTHI 3HadueHHS —AAH
3pocTarTh y pagy romoniz C—H < BifpuB enexkTpoHa
< rereponizs C-H; 3 Mn* Gimeme, mix 3 Mn?
BiJIMOBIIHO /10 OLTBIIOTO CTAHJAPTHOTO ITOTEHIlIATY
(E° = +1,51 B) enekrpomroro npomecy Mn®*" + e —
Mn?*, mo 103BONsE PO3IIANATH B AKOCTi OKCHIAHTA
came Mn(lll). 3nayno Burigimmii 3a romomiz C-H,
A, € BigpuB eleKTpoHa, b, 10 MOXe CBiIYUTH PO
HOro IOMiHyI0Yy pOJib y KOHKYPEHIII{ IBOX CTafii 3a
yuactio Mn(111).

BpaxoByroun MOXIUBY HACTylHY CTaJilo
nepenocy nporona H Big CeHi4" na mirang HSO4
C6H14+ + HSO4s — CeHiz® + HySOy, (19)
st sikoi AAH= —148 xkan/Monb, py y4acTi B
mporieci 10HiB Mn**, maemo:

Mn®* +CeH14 +HSO4, — Mn2++C6H13'+HQSO4, (20)
Mexanizm (20) € TepMOIMHAMIYHO BHTiIHIIINM,
AAH=-510 kxaiy/Moiib, 3a reTepoitis, B.

I3 po3rasiHyTHX OJHOCTAAIMHUX TIpolieciB A—]]
1 (19) yrBopennst pagukana HSO,* € HalBUTITHIIIIIM,
peakmis I, a romomiz C-H mig mieto HSO4%, /I,
HaiiMeHI BuTigHUM. EHTanmeIis romomizy 3B's3ky C—
H 3a mexanizmom, mo ckiamaeTbes 3 peakiiit I' i /],
nopiBHIOE eHTanbIIii mporecy (20), 110 CKIagaeThes 3
nepeHocy enektpoHa i Bigpusy H'. Ilpu upomy
MexaHi3M (20) y3romKy€eThCS 13 KOPETAIIEI0 BETHIINH
Igksiz Bix moTenmiany ionizauii (yrBopenss CeHia").

Bucnoexu

1. IokazaHo, IO JJIsi BCTAHOBIICHHS MPUPOIU
cTamii, fKa JIMITye IIBUAKICTb, MOXe OyTH
BUKOpWCTaHA  imesd  JIHIAHUX  KOPEAIiHHUX
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3QJIEKHOCTEH CyOCTpaTHA CEJNeKTHBHICTh — Xapak-
Tepuctuku  ankaHiB  (Xak). CyOcTpaTHa cenek-
TUBHICTb, AK BiIHOCHI KOHCTAHTH MIBHIKOCTI (Kgix),
0 BUMIpSHI TPU OJHAKOBUX YMOBaX, HaWOUIBII
TOYHO XapaKTepH3ye 3MiHYy PEaKTHBHOCTI B PsIIy
aJIKaHiB. 3MIaTHICTh H-AJIKaHIB JIO0 PEaKkilild MepeHoCcy
CIIEKTPOHA, TOMO-, 200 TEeTEepPONITUYIHOTO PO3PHUBY
3B's3kiB C—H moB’s3ana 3 morenmiazgoM iomizamii (1),
eHepriero Ta KinbkicTio 8mop-C—H (Nsec), a Takox ix
BiJTHOIIICHHSIM J10 3arajibHoro yuciia C—H y monekyii
(Nsec/Na).  JIOIINBHICTE BHUKOPUCTAHHS CaMe IIHX
XapaKTePUCTHK IS 3aIeKHOCTEN Kyin—Xaik 1 19Ksiz—
XAk  TIATBEpIKYETbCS  BIJCYTHICTIO  JTiHIHHOI
Kopensiii Mixk | Ta Ngc 1 JMIHIHHOWO 3anexHicTIO |-
Nsec/Nal 3 BHCOKUM KOC(QILIEHTOM JeTepMiHarii
R?=0,997 y psiy eTaH—/eKaH.

2. IToka3aHo, 110 BeIWYMHA TOYHOCTI OJHOTO
i3 TecTiB — JHIMHMX Kopensuiii cyOcrpaTHa
cenekTuBHICTE — Xak Y BATIAML 10K, 10Ksim—Nsec,
I9Ksim—(Nsec/Nai)) DO3BOIISIE 3poOHTH BHOIp MiK Mexa-
Hi3mMamu BigpuBy enekrtpoHa (ET-mexanizm), abo
romonizy C—H (HAT—mexani3M) y moBLIBHIH cTamii.
B Oinmpmr ckimamHUX TIporiecax IMOTPiOHI JTOJATKOBI

OCHIIKEHHS, HaIPHUKIAI, MOPIBHSHHS 3
cyOcTpaTHO CEJIEKTUBHICTIO YUKILO- Ta
pO3raly’KEeHHX ajJKaHiB y TOMYy 3K CaMOMy

peakiifiHOMy pO3YMHI, a TaKOX KBAaHTOBO-XIMIi4HI
PO3paxyHKH 3MiHU €HTAJBIIH MOXKIUBUX PEAKIIii.
3.3a KIHeTHYHUMH JaHUMH, IO OTPUMAaHI JUIst
peaxIiiii eraHy, IeHTaHy, TeKCaHy, TeNTaHy i OKTaHy B
cipuaHokucaux pozurHax Mn(l1)/Mn(Il), nepeipeni
3anporoHoBani Tectr. Y psamy ankaHiB Cp; Cs—Cs
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JiHilHA 3a1eXHICTh 1gKsiy—] BUKOHYETBhCS HaMKpaIle,
R?=0,995, Toxi sk 19Kz — Nsec HadiTIpIIIE, R?=0,969.
s psny Cs—Cg 6e3 etany 1Bi 3a1eKHOCTI 1gKsimpsec 1
1gKsim—] BUKOHYIOTBCS 3 OIM3BKOI0 BUCOKOKO TOYHICTIO,
R?=0,993 i 0,992 sBignosimHo. Ile mo3BousE
MIPUITYCTHUTH, IO JUIst Oibill akTUBHUX ajkaHiB Cs—Cg
HIBUJIKICTE ~ peakiii  KOHTPOJIOEThCS JIBOMA
TIOBLUTBHUMH CTaJisIMU Maiike 3 OJJHAKOBIM BHECKOM —
BimpuB atoma H (romomniz C—H) i BigpuB enexTpoHa.
VY peaxuii 3 eTaHOM JAOMiHYy€ MOBUIbHA CTafisl BiIpUBY
ENIeKTPOHA.

4. Ina peaxmiii rekcany 3 Mn(lll) meTomom
PM7 oTpuMaHO OMIHKY 3MiHM BEIUYHHN EHTAJIBITIL
MOXKIIMBHX peakiiiid. /[Ba MexaHi3MH y3TOJKYIOThCS 3
BUCHOBKAaMH, OTPUMAaHMMH 3 TECTIB Ha TPUPOIY
mimiTytouoi cranii. [lepmmit MexaHi3M cKiIagaeTses 3
BizpuBy Mn(lll) enexkrpona Bigx CeHis, 10
Y3TODKYETBCS 13 3anexKHICTIO 1gKsn—/, 1 HacTYynmHOTO
nepenocy nporona H' Big Ce¢Hi14" ma mirang HSO4 .
Hpyruit — mnounnaersest 3 okcumauii  Mn(l11)
oicynbdaraoro aniony HSOs mo paaukary HSO.®,
skuii  BigpuBae arom H Big emop-C-H, 1o
Y3rOKYEThCA 13 3aTCKHICTIO 1gKsimNsec. TTOKa3aHO,
o TEPMOAWHAMIYHO BHUTIIHUMHA €  OOHWBa
MexaHi3mu. J[jIs ankaHiB, Oe MOTEHIiaNK 10HI3allil €
BucOKkuMH, y Bumaaky cuctemu Mn(HI)/Mn(ll) y
cipuaHiii KHCJIOTI TEepMOJMHAMIYHY IIepeBary Mae
ET-mexaHi3m, TOOTO KpiM XapaKTEpPHCTUK 3B'A3KiB
C-H, mo pByThCA, CYTTEBY pOJb Biirpae 3araibHa
XapaKTePUCTUKA EIEKTPOHHOI CTPYKTYpH MOJICKYIH
— 1l moTeHmian ioHi3arii.
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Activation of C—H bonds of normal alkanes
in sulfuric acid solutions of Mn(11H)/Mn(I1)

L.K. Volkoval, .A. Opeida?

1L.M. Litvinenko Institute of Physical-Organic Chemistry and Coal Chemistry of the National Academy of Sciences of
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One of the most important directions of establishing the mechanisms of activation of C—H bonds, both in
saturated and aromatic hydrocarbons in aqueous and sulfuric acid solutions of oxidants, metal complexes and
radicals, is to study the kinetics of reactions and the influence of temperature, environment, nature of reagents, etc.
The study of mechanisms is important for the development of technologies for processing hydrocarbons into
products with high added value. In this work, to determine the nature of limiting stages and mechanisms of reactions
of one group of saturated hydrocarbons, normal alkanes, we use the dependences of substrate selectivity (relative
rate constants) on their characteristics: ionization potentials, energy and number of primary and secondary C-H
bonds. To determine the nature of the limiting stages of reactions of normal alkanes, the correlations between the
logarithms of substrate selectivity of alkanes reactions in H.SO, solutions with one of the most active
manganese(l11) ions and molecule properties or C—H bond type were studied by the method of correlation analysis.
Comparison of the obtained results with quantum-chemically calculated enthalpy changes of different possible
variants of the course of this elementary reaction allowed to clarify the mechanism and propose tests to perform the
mechanism of the slow limiting stage. It is shown that for alkanes (ethane, pentane, hexane, heptane, octane) the
linear dependence with the ionization potential is most accurately performed, the least accurate is the correlation
with the number of secondary C—H bonds, which indicates the electron abstraction in the slow limiting stage. For
the shorter pentane — octane series, correlation dependences on both the number of secondary C—H bonds and the
ionization potentials are performed with almost equal accuracy, which makes it impossible to establish the nature of
the slow stage. The results of quantum-chemical calculations of hexane reactions in Mn(111)/Mn(11)-H2SO4 solutions
showed that the most favorable are the electron abstraction by manganese(lll) and subsequent proton transfer or
homolysis of the C—H bond under the action of bisulfate radical, which is likely formed in the oxidation of sulfuric
acid by manganese(lll).

Keywords: n-alkanes, substrate selectivity, energy and number of C—H bonds, ionization potential, limiting
stage.
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New promising proton conducting electrolyte for high-temperature
fuel cells based on hydrophobic guanidine salt

S.P. Rogalsky", O.P. Tarasyuk!, V.A. Povazhnyi!, T.V. Cherniavska?, S.M. Makhno?

1 V.P. Kukhar Institute of Bioorganic Chemistry and Petrochemistry of the National Academy of Sciences of Ukraine,
50, Kharkivske shosse, 02160 Kyiv, Ukraine, sergey.rogalsky@gmail.com
2 Chuiko Institute of Surface Chemistry of the National Academy of Sciences of Ukraine,
17, General Naumov str. 03164 Kyiv, Ukraine, stmax@ukr.net

Guanidine salts are promising proton conductors due to the high content of exchangeable protons in
guanidinium cation that ensure an efficient proton transfer along hydrogen-bonded network formed by proton donor
and proton acceptor sites. However, the high melting point of most guanidine salts is a serious drawback for their
application as proton conducting electrolytes for fuel cells. Reducing the symmetry of guanidinium cations by the
substitution of hydrogen atoms on alkyl radicals reduces the melting points but also leads to decreased proton
conductivity. In this study, monosubstituted guanidine salt, N-butylguanidinium bis(trifluoromethylsulfonyl)imide
(BG-TFSI), has been synthesized by a simple two-step method. It is water immiscible room temperature protic ionic
liquid. The structure of BG-TFSI was confirmed by nuclear magnetic resonance spectroscopy, as well as infrared
spectroscopy. According to thermal gravimetric analysis data, the ionic liquid has the thermal degradation point (5%
weight loss) of 348 °C which indicates its excellent thermal stability for use in high-temperature fuel cells. The ionic
conductivity of BG-TFSI determined by the electrochemical impedance method was found to be 9-10 S/cm at room
temperature. This value increased by almost one order of magnitude at temperatures above 100 °C thus reaching an
acceptable level for use in fuel cells. The activation energy Ex of ionic conductivity calculated from the Arrhenius plot
for BG-TFSI is 16.4 kJ/mol which is close to E, values reported for other guanidine salts. Based on the obtained
results one can assume that the proton transport in BG-TFSI is dominated by Grotthus-type (hopping) mechanism.
The results of this study indicated that BG-TFSI is a promising proton conducting electrolyte for fuel cells operating
at elevated temperatures in water-free conditions. The hydrophobicity of the ionic liquid is an important advantage
since it can prevent its leaching from the polymer electrolyte membrane during fuel cell operation.

Keywords: guanidine salt, protic ionic liquid, ionic conductivity, proton conducting electrolyte

Introduction
Nowadays, protic ionic liquids (PILs), which are
low temperature molten salts of Brgnsted acids and

desirable characteristic for proton conducting
electrolytes, as it prevents them from being washed out
by the water formed during fuel cell operation.

Brognsted bases, are considered extremely promising
proton conducting electrolytes for fuel cell applications
[1]. A wide variety of organic amines, both aliphatic
and heterocyclic, can be used as Brgnsted bases to
prepare neutral salts with strong inorganic and organic
acids such as trifluoromethanesulfonic  acid,
bis(trifluoromethylsulfonyl)imide,  p-toluenesulfonic
acid, dialkyl phosphate [2-6]. PILs have important
advantages such as negligible vapor pressure, thermal
stability which often exceeds 300 °C, as well as high
ionic conductivity within the range from 107 to 10*
S/lcm at elevated temperatures under anhydrous
conditions [1]. These compounds are being actively
studied as potential proton conducting electrolytes for
fuel cells operating above 100 °C without external
humidification [1-3, 5-7]. Hydrophobicity is a

ISSN 2707-5796. Kataliz ta naftohimia. 2021, 32

Therefore, water-immiscible PILs comprising TFSI
anion are of great interest.

Due to their polar structure, PILs have excellent
compatibility with thermally stable polymers such as
polybenzimidazole (PBI) and polyimide (PI) which are
commonly used for the fabrication of polymer-
electrolyte membranes for fuel cells [8-10]. Thus,
dense composite membranes containing more than 50
wt% of PIL were prepared, namely PBI/diethylmethyl-
ammonium trifluoromethanesulfonate (dema/ TfO) [8],
P1/1-butylimidazolium bis(trifluoromethylsulfonyl)
imide (BIM-TFSI) [9], and PIl/2-butylamino-
imidazolinium bis(trifluoromethylsulfonyl)imide
(BAIM-TFSI) [10].

The most commonly used PILs contain one or
two mobile protons bound to the cation [2, 3, 7, 8]. At
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the same time, the high content of dissociable protons
in the PIL structure is desirable since this can facilitate
proton transfer along the hydrogen-bonded network.
Moreover, in such a case a stronger physicochemical
interaction between the ionic liquid and the polymer
matrix can be expected [10]. From this point of view,
guanidinium-based PILs seem very promising proton
conductors due to the presence of six exchangeable
protons in the cation [11, 12]. On the other hand, the
high melting point of most guanidine salts is a serious
drawback for their application as proton conducting
electrolytes. Reducing symmetry of cations can reduce
the melting points, and a series of room temperature
PILs comprising both common and cyclic guanidinium
cations and TFSI anion have been synthesized [13].
However, the substitution of hydrogen atoms on alkyl
radicals in the cation led to decreased proton
conductivity [14-16].

This research aimed to synthesize hydrophobic
guanidine salt which is liquid at room temperature.
Thus, water immiscible room temperature PIL based
on monoalkylguanidine salt has been synthesized and
studied in terms of thermal stability (TGA) and ionic
conductivity by using electrochemical impedance.

Materials and methods

Following chemicals were used for the synthesis
of ionic liquid: guanidine hydrochloride (98%),

-NH, NH

butylamine (for synthesis) (Sigma-Aldrich), lithium
bis(trifluoromethylsulfonyl)imide (Acros), methylene
chloride (Uoslab, Ukraine).

Hydrophobic ionic liquid N-butylguanidinium bis
(trifluoromethylsulfonyl)imide (BG-TFSI) was synthe-
sized according to Scheme 1. Water soluble precursor,
N-butylguanidine  hydrochloride  (BG-Cl)  was
synthesized using the method described in [17]. The
mixture of guanidine hydrochloride (20 g, 0.2 mol) and
butylamine (29 g, 0.4 mol) was put into a round-
bottomed flask equipped with a mechanical stirrer and
reflux condenser. The mixture was heated to 80°C and
stirred for 24 h. The residual butylamine was removed
by distillation and further in vacuum 10 mbar at 80°C.
The obtained product (BG-CI) is viscous hazel liquid,
highly soluble in water.

7.6 g (0.05 mol) of BG-CI were dissolved in water
(50 mL) under stirring and the solution of lithium
bis(trifluoromethylsulfonyl)imide (14.5 g, 0.05 mol) in
50 mL of water was added. The formed bottom layer
of the ionic liquid BG-TFSI was extracted with
methylene chloride (2 x 50 mL), washed with water
(100 mL) and dried under sodium sulfate. Methylene
chloride was distilled off, and residual solvent was
removed in vacuum 20 mbar at 70 °C for 8 h. The
viscous liquid of light yellow color was obtained.

HN N~
T B6-0)
Cl

H

Hsz/NH2
NH, * CHi(CH)NH,
-+
Cl
H .
HzN\H/N\/\/ (CF,SO,),NLi
NH,
-+
Cl

H,0, - LiCl

HZNYN\/\/ (BG-TFSI)
NH,

(CF;SO,),N

Scheme. Synthesis of protic ionic liquid BG-TFSI.

'H NMR technique was used to characterize the
structure of BG-TFSI. *H NMR spectra were recorded
in DMSO-ds on a Varian Gemini-2000 (400 MHz)
spectrometer using TMS as internal standard. The
vibrational properties of ionic liquid were carried out
using a Bruker Tensor-37 FT Infrared spectrometer.
The sample was prepared as a tablet with KBr. The
spectrum was collected over the range of 400-4000
cm* at a resolution of 4 cm™ in a dry atmosphere.

Thermal gravimetric analysis (TGA) was made
using a Q-1500D thermal analyzer. About 100 mg of
sample was heated from 30 °C to 1000 °C with a
heating rate of 10 °C/min in air.

The ionic conductivity was measured with the
help of impedance spectrometer Solartron SI 1260 in
the temperature range 25 — 170 °C.

Results and discussion

Figure 1 contains 'H NMR spectrum of BG-
TFSI. The triplet signal at 0.89 ppm is assigned to
methyl protons (d) of butyl radical. The sharp peaks at
1.44 and 1.31 ppm are the signals of methylene
protons (b) and (c), respectively. The sharp and
splitting peak at 3.1 ppm is assigned to protons (a) of
NCH- group. The broadening and splitting peaks in the
region 6.5-7.8 ppm are assigned to the resonance of
guanidine protons C-NH-C, C-NH; and C=NH".

ISSN 2707-5796. Kataliz ta naftohimia. 2021, 32



88

Kamaniz ma nagpmoximisa, 2021, No32

1=
Lany
39

-

Fig. 1. *H NMR spectrum of BG-TFSI.

The infrared spectrum of ionic liquid BG-TFSI
(Fig. 2) is characterized by a strong absorption band
located at 1645 cm™ and broad bands in the region
3200-3600 cm™. The high-frequency modes are
assigned to symmetric and asymmetric bands of NH;
groups and the band at 1645 cm™ to the scissoring
mode of the NH_ units [18]. The weak but distinct peak
observed at 2941 cm™ is assigned to the asymmetric
stretching vibration of CH; of disordered alkyl chains
[19]. The symmetric stretching CH, mode expected to
be around 2875 cm™, contributes therefore to the
broadening of the band whose maximum is located at

100 4

901 1467

80

& 70 W
o
8]
é 60 A /
2 1645
g 50 {
g
= 0y 1344 1658
30 -
20 -
10 1 1051 1128

1186
0 T

a0

2881 cm™. The bands at 2966 and 2881 cm™ are
respectively attributed to asymmetric and symmetric
stretching vibrational modes of methyl groups. The
band at 1467 cm™ is assigned to the bending vibrations
of CH; groups [20]. The strong intensity bands are
located at 1658 cm™ for the C=N stretching vibration
mode, at 1344 cm® and 1128 cm™ for the SO
antisymmetric and symmetric stretching modes and at
1186 cm™ and 1051 cm™ for CF; antisymmetric
stretching and the C-C stretching modes, respectively
[21].

3375

Fig. 2. IR spectrum of BG-TFSI.

According to TGA data, the ionic liquid has the
thermal degradation point (5% weight loss) of 348 °C,

ISSN 2707-5796. Kataliz ta naftohimia. 2021, 32
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and the maximum degradation rate is observed at
426 °C (Fig. 3, Table 1). The obtained data are similar
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to those for other reported PILs comprising TFSI anion
[2, 3, 10] and indicate sufficient thermal stability of
BG-TFSI for high temperature fuel cell applications.

Frequency dependences of real and imaginary
components of the electrical conductivities of BG-
TFSI (Fig. 4) indicate the ionic mechanism of conduc-
tivity. At low frequencies (up to 0.1 Hz) the
conductivity of the system has the lowest value due to

— A~ }po the accumulation of charges on electrodes that block
the surface by a double electrical layer [22]. The
Z 051 DTA [2 increase of ionic conductivity is observed with
= s increasing frequencies up to 10? Hz and the maximum
o . on the bottom curve indicates a decrease in the
> 40 Q . .
g DTG = capacitance of the electrical double layer at the
< 0,01
< > electrode. Further frequency growth leads to charge
= 60 & dissipation when moved through the system [17]. The
NS ionic conductivity of BG-TFSI is around 10 S/cm at
5. - 80 room temperature and increases by almost one order of
' magnitude at 170 °C (Fig. 5, Table 2) that indicates its
1G L 100 availability as a proton conducting electrolyte for high-
100200 300 400 500 600 700 800 900 1000 temperature fuel cells. It sho_uld a_lso be noted that the
hydrophobicity of BG-TFSI is an important advantage,
Temperature, °C since it can prevent its leaching from the polymer-
electrolyte membrane during fuel cell operation [6].
Fig. 3. TGA curves of BG-TFSI.
Table 1. TGA data for BG-TFSI
Sample Tam=su%, °C Tam=10%, °C Tam=20%, °C Tam=s0%, °C
BG-TFSI 348 377 398 424
1E-02 { o 2
o se0e
o 22 - eoosstt
> e0® o
1E-03 1 _,-;:"H"-.. Lottt
E .::.'. .'o. 24 e® L *
3 o, o, —~ ° ° ° A4
N 'o. \E o ° .
¢ 1E-04 " A6 . o*
".. P < ° y o*  heating
'.".. . ° 20-2,8 ]e ° . * ® cooling
LE0S | & L
.'. -3 1 o ¢
1,E-06 . . . . 3
LE-02  LE+00  LE+02  LE+04  1E+06 T2 40 60 80 100 120 140 160 180
f, Hz

Fig. 4. Frequencies dependences of real (c) and
imaginary (c") components of the ionic conductivity of
BG-TFSI at 20 °C.

Temperature, °C

Fig. 5. lonic conductivity (at frequency of 1 kHz) of

BG-TFSI as a function of temperature.

Table 2. lonic conductivity of protic ionic liquid BG-TFSI as a function of temperature

o, S/lcm

170°C

Sample

25°C

80°C

130°C

BG-TFSI

9.1.10*

2.9-10°

6.3-10°°

8-:10°°
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As earlier noted, there are two types of charge
transport mechanism in PILs: vehicle (molecular
diffusion) and Grotthus-type (proton migration in the
hydrogen-bonded  networks).  N-butylguanidinium
cation of BG-TFSI contains five exchangeable protons
which may ensure an efficient proton hopping
conduction mechanism. The last one involves thermal
activation and follows Arrhenius law as a function of
temperature:

Inc =-EJ/RT + Inoy
where op is the maximum electrical conductivity at
infinite temperature (S-cm™), E. is the activation
energy (kJ-mol™) which indicates the energy needed
for an ion to jump to a free hole, R is the universal gas
constant (8.314 J-mol™*.K™), and T is the absolute
temperature (K).

Thus, the activation energy for ionic conducti-
vity characterizes the difficulty level of ions migration
under the electric field. In the Arrhenius diagram (Fig.
6), the dependence of ionic conductivity on tempera-
ture (Ino vs 1000/T) is linear in the range from 40 to
140 °C for BG-TFSI. The activation energy Ea
calculated from the slope value (Fig. 6) is 16.4 kJ/mol.
This value is close to Ea values reported for other
guanidinium based PILs, 1-butylguanidinium tetra-
fluoroborate (Ea = 17 kJ/mol) [17] and guanidinium
nonaflate (Ea = 19 kJ/mol) [23]. Overall, the obtained
results indicate that the presence of butyl radical in
guanidinium cation does not prevent efficient proton
transfer in BG-TFSI.

4.7
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Fig. 6. Arrhenius plot of ionic conductivity for BG-
TFSI

Conclusions

New hydrophobic protic ionic liquid comprising
monosubstituted  guanidinium  cation,  N-butyl-
guanidinium bis(trifluoromethylsulfonyl)imide (BG-
TFSI), has been synthesized by a simple two-step
method. The first stage involves condensation between
guanidine hydrochloride and butylamine to prepare
water soluble precursor N-butylguanidine hydro-
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chloride (BG-CI). At the second stage, BG-CI was
converted into the water-immiscible ionic liquid BG-
TFSI by anion exchange reaction with lithium bis
(trifluoromethylsulfonyl)imide in  water solution.
According to TGA data, the ionic liquid has the
thermal degradation point (5% weight loss) of 348 °C
which indicates its sufficient thermal stability for use
in high-temperature fuel cells. The ionic conductivity
of BG-TFSI determined by the electrochemical impe-
dance method was found to be 9-10* S/cm at room
temperature. This value increased by almost one order
of magnitude at temperatures above 100 °C thus
reaching an acceptable level for use in fuel cells. The
activation energy E, calculated from the Arrhenius plot
for BG-TFSI was found to be 16.4 kJ/mol which is
close to E. values reported for other guanidinium
based ionic liquids. The obtained data also indicate
that the proton transport in BG-TFSI is dominated by
Grotthus-type (hopping) mechanism.

The liquid state of N-alkyl substituted guanidine
salt BG-TFSI is an important advantage over most
common guanidine salts which have high melting
points. Thus, room temperature PIL can provide a
satisfactory level of proton conductivity over a wide
temperature range.
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HoBuii npoTOHNPOBIAHU €JIEKTPOJIIT AJI51 BUCOKOTEMIIEPATYPHHUX NAJTMBHUX
eJICMEHTIB HA OCHOBI IiIPo(oO0HOI CoJli ryaHiAuHY

C.IL Poraancekuiil’, O.I1. Tapaciok®, B.A. Ilopaxnniil, T.B. UepnsbcbkaZ, C.M. Maxuno?

Ynemumym 6ioopeaniunoi ximii ma nagpmoximii im. B.I1. Kyxaps HAH Yxpainu, 50, Xapkiscvke woce,
02160 Kuis, Ykpaina, sergey.rogalsky@gmail.com
Ynemumym ximii nosepxni im. O.0. Yyiika HAH Yipainu, 17, eyn. enepana Haymosa,
03164 Kuis, Yxpaina, stmax@ukr.net

Coii TyaHIIUHY € TEPCIeKTHBHUMH IMPOTOHHHUMH IIPOBIAHMKAMH 3aBASKH BHCOKOMY BMICTY Y CKIIami ix
KaTioHa TMPOTOHIB, 37aTHUX A0 oOMiHy. Lle 3abe3meuye edekTuBHE MepeHeceHHs MPOTOHIB B3JIOBXK CITKH BOAHEBUX
3B’SI3KIB MK TOHOPHHMH 1 aKIENTOpHUMH rpynamd. OIHaK BHUCOKI TEeMIIEpPaTypH IUIaBJICHHS COJIEH TyaHiAMHY €
ICTOTHAM HEIOJIKOM JUIS iX BUKOPHUCTAHHS SIK MPOTOHITPOBITHUX €JeKTPOIiTiB. [lopylieHHs cuMeTpii TyaHiTuHi€BUX
KaTiOHIB 3aMiIIEHHSIM BOJHEBUX aTOMIB Ha aJIKUTbHI paJiKalii 3MEHIIY€e TeMIepaTypy IUIaBICHHS COJIEH, a TAKOXK iX
NPOTOHHY  HPOBITHICTE. Y @i po0OTI  CHHTE30BaHO  MOHO3aMillleHy  Cilb  TyaHiOgUHy -
oic(tpudropmeruincynsponin)imia N-Oytunryanigunito (BI-T®CI) aBocraziitnum MetonoM. Crionyka € MpOTOHHOIO
10HHOIO PIAMHOIO, SKa HE 3MIITyEThesl 3 Bomo0. bynoBy BI'-TOCI miaTBepmkeHO METOAaMH SIACPHOTO MAarHITHOTO
pe3oHaHcy Ta iHQpadepBOHOI CIEKTPOCKOIIii. 3TiJHO 3 pe3yibTaTaMi TEPMOTPaBIMETPUYHOTO aHaIli3y, iOHHA piIuHA
Mae TeMIieparypy mo4arky nectpykuii (BTpara macu 5%) 348 °C, mo cBiq4uTh 1po ii JOCTATHIO TEPMiYHYy CTIHKICTBH
JUTSI BUKOPHUCTAHHS Yy BHCOKOTEMIIEpATypHUX ITaJIUBHUX eleMeHTaX. lonHa mpoBimHicTh BI'-T®CI, BH3HadeHa
METOZIOM eNeKTpOXiMiuHOro iMmenancy, cranoButh 9-10* Cwm/cM 3a KiMHATHOI TeMmmepaTypH i 3pocTae Maiike Ha
oIluH MopsIoK 3a Temnepatyp Buie 100 °C. Takum 4yuHOM, 10HHA piAMHA Ma€ HEOOXiTHUIN PiBEHb MPOBIIHOCTI AJIS
3aCTOCYBaHH SK CJIEKTPOJIITY B TAJUBHUX €lIeMEHTax. EHepris aktuBarmii ioHHOI mpoBigHOCTI E., Bu3HadeHa i3
sajexHocTi Apeniyca mis BI-T®CI, cranosuts 16.4 kJ/mol i € 6musbpkoro m0 BemwuuH E, mis iHmmx cosei
ryaHimuHy. Ha oOcCHOBI OTpUMaHUX pe3ynbTaTiB MOXKHA TMPHUIYCTUTH, MIO NPOTOHHUH TpaHcnopt B BI-T®OCI
BiIOyBa€ThCS MEPEBAXKHO 32 CTPUOKOBUM MexaHizmoM (I'poTryca). Pesynbratn poGOTH 3aCBiAYMIN NEPCIEKTUBHICT
npotoHHOi i0HHOT pimuHu BI'-TOCI sk enexkTpomiTy I MaJMBHUX €IEMEHTIB, SKi (YHKIIOHYIOTH 3a MiABUIIEHUX
TEMIIEpaTyp 1 BIJICYTHOCTI 3BOJIOKEHHS. ['i1po)oOHICTh 10HHOT PIIMHU € BAXKJIUBOKO IEPEBAror0, OCKIIBKH MOXKE
3ano0biraTy ii BUMMBaHHIO 3 MOJIiMEP-EIEKTPOIITHOI MeMOpaHu MpH poOOTI MANUBHOTO EIEMEHTY.

Kntouoei cnosa: cinb TyaHinuHy, MpOTOHHA 10HHA PiMHA, I0HHA TIPOBIAHICTD, IPOTOHIPOBIIHUNA EIEKTPOIIIT
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TinpyBanns C s ojiepiniB B mapogiii ¢pa3i Ha Minb-okcuaHOMY
KaraJizaropi

M.€. lapanaa’, A.M. Muain®, O.1O. 3inuenxo?, B.B. Bpeii’

Ynemumym copbyii ma npobaem endoexonozii HAH Vipainu, eyn. enepara Haymoea, 13,
Kuis, 03164, Vkpaina, brei@ukr.net
2TOB «Bupobnuua 2pyna Texincepsicy, Makiiscoxuii npogynox, 1, Kuis, 04114
net@techinservice.com.ua

OOHuM 3 8AJICIUBUX NPOYECi8 CYUACHOI HAQMOXIMIYHOI NPOMUCIO8OCMI € 2IOPYBAHHA HEHACUYEHUX
8yenesoouis. JJocumo genuxa xinbkicmo Cas ppaxyiii 8y2ne6o0nis, wo micmums napaginu i oneqinu, ymeopioemucs 6
npoyecax niponizy ceimaux Hagmonpooykmis. [ 30intbiueHHs supobHuymea emuiery ma nponiieny euodineni Cas
@pakyii nosepmaroms 6 peyuxn Ha niponis. Lle eumacae nonepeduvoco 2iopysamHsa oneqhinie 6 yitl pakyii.
Tiopyeanns cymiwi Cs i Cs pparyin 30iticnioroms 6 piokit ¢aszi 3a memnepamyp 40 — 80 °C nio muckom 600HIO 00
1.5 MIIa na PAd/ALLO3 kamanizamopi. Memoro danoi po6omu 6yn0 3 ’CY8aHHA MONCIUBOCTNI eheKmuUeHo20 nepedizy
npoyecy 2iopysanns Cs ¢hpaxyii niponizy eyenegoonis, wo micmums C's oneinu Ha MiOb-0KCUOHUX KAANI3AMOPAX.
Jocriooceno ciopysanns Cs ¢paxyii niponizy ceimaux nagpmonpodykmis 6 naposii ¢asi na kamanizamopax CuO-
Zn0-Zr0;-Al03 ma CuO-ZnO-AlyOs ¢ nopisusanui 3 npomuciosum kamanizamopom 2iopyeanns oneginie Pd/AlOs. B
pobomi 6yno suxopucmano gparyito Cs niponizy ceimuux nagpmonpooykmis, wo micmuna 51 mac.% oneginis (1-
neumeH, 2-memun-l-o6ymen, 2-memun-2-Oymen, yuc-2-newmen, mpauc-2-newmen, 3-memundymern). Ilapogasnuii
KamanimuyHui npoyec 30IUCHIO8ANU 8 peakmopi 3 Qixcosanum wapom kamanizamopa 3a memnepamyp 170 — 190 °C
i mucky eoonro 1.1 —2.5 Mlla. Ilokazano, wo npu eciopysanui oneginie @paxyii Cs ¢ naposii ¢azi 98 —99%
KoHgepcis  oaeginie mooce Odocsieamucsy na kamanizamopax CuO-ZnO-Al,O3 ma CuO-ZnO-ZrO;-Al,O3 3a
memnepamypu 180 °C i mucky 1.2 — 1.5 MIla. Cymapne nasanmagicenus 3a Cs gyene8oOnsamu modice docaeamu 15 —
23 MMONB/2kan/200. TIpu yvomy 3anuwxosuti emicm oneghinie cxnaoae 1%. 3a mucky eoonio 2.5 Mlla
cnocmepieaemvbCsi piske 3HUIICEHHSI KOHBEPCIl, OCKIIbKU H-NeHman nepexooums & pioky ga3zy. [eszaxmusayii
KAmanizamopa e cnocmepieaniocs 6npooosdic 36 cooun pobomu. Ha npomucrosomy kamanizamopi 0.35% Pd/Al,O3
30 YUX YMO8 3HUIICEHHSL 1I020 AKMUBHOCMI 8I0OYBANIOCH Uepe3 200UHY 8i0 NOYAmKy pobomu.

Knwouogi cnosa: onedinu, rigpyBaHHs, MiIHUH KaTanizaTtop, Mipoi3

Bcmyn

OpHuUM 3 BaXJIMBUX MPOLECIB Cy4acHOI
HaQTOXIMIYHOI ~ TPOMHCIOBOCTI €  TiIpyBaHHS
HeHacH4eHHX ByrjieBoaHiB [1]. Bemmka kinbkicTh
one]iHOBUX BYIJICBOAHIB, TaKUX fK, HalpHKIAaL,
eTHIieH, TpormineH, 1-0yTeH, muc- i TpaHc-2-OyTeHH,
1300yTiN, H-TICHTEHH, 130TIEHTEHH YTBOPIOETHCA B
TAKMX Tpolecax BHCOKOTEMIIEPATypHOi KOHBEpCii
BYTJICBOJIHIB SIK IMPOJIi3 Ta KaTATITHYHHNA KpekiHr [2].
INinpyBannus onedin-Bmicaux Cs i Cs dpaxmiit mmpoxo
3aCTOCOBYIOTh B IPOMHUCIOBOCTI, 30Kpema, MpHu
BUPOOHUIITBI €TWJIEHY Ta TpPOIIEHY 4epe3 Mipoii3
BYIJIEBOJIHEBOI CUPOBHHH, T'OJIOBHUM YHHOM, JIETKOTO
O0ensuny. Omy0I1ikoBaHO psii poOiT, 30KpeMa NaTeHTIB,
BIJIHOCHO cII0C00iB

rizpyBanHs 1ux Qpakuii [3-5]. IlepeBakHO 1EH
Tpoliec 3A1MCHIOITH B pijKii ¢a3zi 3a Temnepatyp 40 —
80 °C mixg tuckoMm BoaHio no 1.5 MIlla na nanasuiii-
BMIiCHUMX KaTajmizaropax [3-5]. Tak, wHampukiam, Ha
onedinoBomy 3aBoni TOB  «KapmarHadroxim»
notyxHicTio 3a Cy.3 onedinamu Ha piBHi 300 THC.T/piK,
piauHO-da3zHe rigpyBaHHs cymimni BuaineHnx Cs ta Cs
¢pakuii  3OIMCHIOIOTE 3  METOI0  TOBEPHEHHS
oJepKaHUX TakuM 4MHOM C4s aJKaHIB B PELUKI, Ha
MpOJTi3, IS CHHTE3y €THIICHY 1 mpomiieny. B mpomy
piauHO-(pazHOMY nporeci JUIS riIpyBaHHS
3aCTOCOBYIOTh JIOCHTHh JIOPOTHMH Tanajiii-BMiCHHI
karamizatop Pd/AlO; (LD 365) 3 BMicTOM Tanamito y
0.35 mac.% [3]. 'omoBHUM YHHOM II€ ITOB’s3aHE 3 THM,
mo C4 dpakuis mictuth 1,3-OyTagieH, KOTpHH BaXKO
MiATA€TECSl TIOBHOMY TipyBaHHIO, TOMY TiIpyBaHHS
3MIHCHIOIOTH 32 BITHOCHO HU3BKHUX Temrmeparyp y 60 —
80 °C. Takoxk, g 3amo0iraHHs —MoJiMepu3alii
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IUBIHLTY, 3aCTOCOBYIOTh 3HA4HE  pO30aBICHHS
BUXITHOTO OJE(IHOBOTO TMOTOKY YyTBOPEHHMH B
npoueci rinpyBanHs Css ankanamu. [Ipote, B
HPOIYKTax TiAPYBaHHS 3aJHIIAETHCS JOCHTh BHCOKHI
BMICT oJieiHiB, Buie 5 Mac.%, mo € HeOaKaHUM IS
nipoiizy. ToMy, aKTyaJIbHIM € TOIITYK HOBHX CIIOc0O0iB
rizpyBaHHs oJediHiB 3 3aCTOCYBaHHSIM OiNbII
JIEIIeBUX, 30KpeMa Mib-BMICHUX, KaTaji3aTopis, IO
He MicTaTh Onaropoaaux metaiis VIII rpymnu.

Panime nmamu Oyno BcraHoBineHo, mo CuO-
Zn0-ZrO2-Al,O3  katamizatop, po3poOieHuit s
napoda3Horo MEpeTBOPEHHS €TaHOJy B eTHJaleTar
[6], nposBise BHCOKY aKTUBHICTH B TiApyBaHHI
HeOakaHMX TOOIYHUX OKCHIEHATiB, 30KpeMa 2-
OytaHoHy. Takok HAMH TOKa3aHo [7] , 10 riapyBaHHs
riIpokcuaneToHy Ao 1,2-mponaHgiony eQeKTHBHO
nepebirae npu 170 — 185 °C i 1.0 — 1.3 Mlla BoaHto Ha
naneceromy CuO/ Al;O3 karamizatopi. Meroro maHoi
pobotu OyJ0 3’ACYy BaHHS MOXJIHBOCTI €()EKTUBHOTO
rizpyBanHs mnpomuc- JoBoi Cs ¢paxumii Ha Migb-
OKCHUIHHMX KaTajlizaropax.

Excnepumenmansha wacmuna

Byno BukopucTaHO HAcTymHI KaTali3aTOpH.
CuZnZrAl — cniBocamkennii  CuO-ZnO-ZrO,-Al;,03
Ka- Tali3aTop CHHTE3Yy eTWIIaleTaTy, OJCp KaHHi SIK
omucano B [6], CHM-Y TV V 6-04687873.047-2000 ta
MS-903 - Migb-OoKCHIHI TPOMHCIIOBI KaTadi3aTopH
CHH- T€3y METAHOIY.

B poGoti Oyno BukopucraHo npomuciioBy Cs
¢pakuito mipomizy CBITIMX Ha(TONMPOAYKTIB, IO
mictuna 51 mac.% HeHacudenux ByrieBomaHiB (1-
neHTeH, 2-Metwi-1-0yteH, 2-metun-2-0yTeH, Iuc-2-
MIEHTEH, TPaHC-2-TIeHTEeH, 3-MeTUIIOYTEH).

Karamitnaauit  mportec  3miWCHIOBAIM B

peakTopi 3 (hikCOBaHMM IIAPOM  KartajizaTopa.
3aBaHTaKeHI B peaKTOp KaTali3aTOPH BiTHOBIIOBAIN B
morori 20% Ha / 80%Ar mpu moCTyIIoBOMY 3pOCTaHHi
temneparypu: a0 220 °C mis CuZnZrAl, CHM-VY ta
MS-903. TIlicia 1BOro BCTAHOBIIOBAIM 3aJaHHUI
PE&XHM TiIpyBaHHS.
Temmeparypa B peakTopi BapitoBajach B IHTEpBaji
170 -190 °C, a Tuck BogHio B Mexax 1.1 —2.5 MIla.
[IponykTu peakiii HAKOMMMYYBAIUCH B CemapaTopi, M0
0XOJIO[IXKYBaBCs KpioctatoM 3 TemimepaTyporo -30 °C.
AHami3 TPOAYKTIB 3MIMCHIOBATM METOJAMU Ta30BOl
xpomatorpadii (Agilent Technologies 7820A), C
SIMP cnexrpockomii (Bruker Avance 400), a Takox 3
3aCTOCYBaHHIM aHATITUYHOrO MeToxy Mapromieca [8]
JUTSL BU3HAYCHHSI 3araIbHOTO BMICTY OJIe(iHiB.

Pezynomamu ma ix 062060pennsn

[TopiBHAHHA  e(DEKTUBHOCTI  KaTali3aTopiB
3nificHioBanm 3a temneparypu 180 °C, THCKY BOAHIO
1.1 MIla Ta pi3HOi 00’€MHOI MBHIKOCTI TIOJa4i PigKOT
Cs ¢pakmii. OCHOBHHUM KpPHUTEpiEM OIlIHKH OYyB
3aJIMIIKOBHI BMICT oJieiHiB (Tadu.1).

[IpoMucnoBuii mnanagieBuil KaramizaTop is
rigpyBanus cywmimn Cas dpakmid B pinkiit  dasi,
BHSABHBCS HETIPUAATHUM AJIs1 pOOOTH B Ta30BO-TIAPOBIN
¢asi Tomy, 1m0 KOHBepcis one(iHiB HE MepeBUIIyBaIa
90%, i karami3aTop IOCHTH IIBUAKO, ITICISI TOIWHHU
po0OTH, TOYNHAB 3HIKYBATH CBOIO aKTHUBHICTh. B Toi
)K€ Yac, Migb-OKCHIIHI  KaTaji3aTopu  CHHTE3Y
MeTaHony 3abesneuyBamn 93 — 100% xonBepcito
onediHIB 1 HE TPOABISUIA O3HAK Je3aKTHBAIIil
BIIPOJIOBIK TPUBAJIOCTI €KCIIEPUMEHTY 10 36 TOIWH.

a0muns 1. Tinpyeannsa ¢ppakuii Cs 3 nouarkoBuM 51.6% BmicToM oJiediniB Ha pi3HUX KaTaizaTopax
Tab 1.T C 51.69%

(180 °C/1.1 MIla, monbHne cniBBiqnoments Cs: Hy =1 : 4)

Karanizarop LHSV, roa? Tronr, C Coneg, MaC.%
CuznZzrAl 0.5 8.1 1.3
CuznZrAl 1 4.0 0.8
CuznzrAl 1.25 3.2 2.2

CHM-VY 1.3 3.1 <0.1
CHM-VY 2 2.0 1.2
CHM-Y 2.7 15 3.9
MS-903 2.7 15 2.9
Pd/AlLO; 0.7 5.7 6.0

LHSV — 06’emHa mBuakicts nogadi piakoi ¢ppakmii Cs; Tiour — TPUBANICTH KOHTAKTY;

Conep — 3AIMIIKOBUI BMICT onediHiB
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Puc.1l. Xpomarorpamu Buximaoi Cs ¢pakiiii (a) i mpomykTy ii rizpyBanss (0) Ha MS-903 karamizaropi

(180 °C/1.2 MITa, 15 MMOJIB/Txa/TON).

Bizomo Takox [1], o manmamieBi kaTagizaTopu
BKpail 4YyTJIIMBI JI0O OTPYEHHS, a TaKOX JIErKO
3aKOKCOBYIOTBbCSL IIpH BHCOKiH Temmneparypi. [lpu
upoMy Katamizatop MS-903 ButpumyBaB OGinblie
HaBaHTa)XEHHS HDK Karamizatop CuZnZrAl, a
3aJJMIIKOBUH BMICT oJiediHiB OYB MU [LOMY MEHILIUM,
HDK Ha karamizatopi CHM-Y. Tomy noganbimi
TOCITIHKSHHS TIPOBOIMIIM camMe Ha Karaiizatopi MS-
903 cuHTE3y METaHOIY.
Xpomarorpamu BuxigHoi ¢pakuii Cs Ta mpoaykry ii
rigpyBanns Ha MS-903 karanizaTopi mogano Ha puc.1.

Ha xpomarorpami Buximnoi ¢pakuii HasBHI 8
OCHOBHHMX IIiKiB, III0 BIiJIOBIJJAalOTh IEHTaHaM (H-
NICHTaH, I30MCHTaH, HeomneHTaH) Ta neHTeHam (1-
MeHTeH, 2-MeTWIOyTeH, IMc-2-TIeHTeH, TpaHC-2-
NEeHTeH, 3-MeTWIOYTeH), a TaKOX HEBEJHKI MiKH, M0
HaJeKaTh  AoMimkam  iHmMX  ¢pakuoii. [licns
rigpyBanss npu 180 °C/1.2 MIla ta HaBaHTaXEHHI Ha
karamizatop y 15 wmmomb  Cs/Ten/ronm, 3pocrac
IHTEHCUBHICTH ITIKIB [IEHTAHIB 1 3HUKAIOTh CUTHAJIX Bif
TIEHTEHIB.

Ha puc.2 upencrasieno “C SMP crektpu
BuxigHoi Cs ¢pakuii i mpoxnykry ii rigpyBannsa. B
intepBani 108 — 147 wm.4. cmocrepiraeTscs cepis
CUTHAJIIB PI3HOI IHTCHCHBHOCTI, IO BiJNOBITAIOTH
oJiehiHaMm.

[Micnst rigpyBaHHs OLIBIIICTh CUTHAIIB BiJ OJie-
(hiHIB MMOBHICTIO 3HUKAIOTH, B T.4. IHTEHCUBHHAN CHUTHAJ
17 m.4. Bix 2-TieHTeHy. 3aNHUIIaroThCs clabKi CUTHAIN
3aJIMIIKOBOT  KUIBKOCTI  2-meTun-2-Oyteny (118 i
132 m.4.) ta 2-metun-1-0yreny (108 i 147 m.4.). Sk
Bimomo [1], po3randykeHi IEHTEHH TiIPYIOThCS BaKde,
HDK JiHIMHIL. Takok Maike MOBHICTIO TiIPYIOTHCA
OKCUTCHATH (3HUKAOTh curHamm 50, 54 M4, Big
METOKCH-TPYH). 3alHIIAOThCS TaKOXK cHTHAmM 45.3,
429, 41.3, 28.4, 26.9, 22.7 M.4., 0O CBiT4aTh MPO
HasBHICTh TpUIMKI0-(5.2.1.0(2.6))nexany. Leit CioHie
ankaH (Tpx = 75°C, Tim = 186 °C) € cXuUIbHHM 110

cyOmimartii, i Bin € mpucytHiM (~3%) SK y BUXiaHIi
dpaxuii, Tak i B mpoaykTax riapypaHHs. MMoBipHO,
BiH YTBOPIOIOTBCS IIPU TUMEpH3allii MeHTadi€HY.

PesynpTatu 1o BIUIMBY THCKY Ta HaBaHTa)KEHHS
Ha KartaiizaTop npu rigpysanai Cs ¢paximii HagaHo B
tab6n.2. Ha MS-903 katamizatopi 98 — 99% koHBepcis
C’s JOCATa€ThCS npu 180 °C/1.5 MIla 3a
HaBaHTaxeHHA y 8 —23 MMomb C 5/Tg/TOA, 1O
BimmoBimae 06’emuiit mBuakocti 0.6 —2.7 rox’. Taka
X MPOAYKTHBHICTh JIOCATAETHCA 1 B PiAMHHO-(a3HOMY
mpoleci Ha TMajafieBOMy  KaTalli3aTtopi, IpoTe
KoHBepcist onediniB cranoBUTh 90 %, TOOTO € 3HAYHO
HK4ol0.  Ockinmbku  piguHHO-(a3HUHA  Ipolec
3IIHCHIOETbCA 3@ 3HAYHO HIDKYOI TeMIeparypu i €
TEPMOIMHAMIYHO OUTBII BUTIIHUM, MPUINHA HUXKIOI
KoHBepcii omediHiB Moxke OyTH TmOB’s3aHa 3i
3HIDKEHHSIM ~ IMIBUJIKOCTI peakiii y BHYTPIIIHBO
mudysiiiHoOMy pexumi. 3 TakuX K€ TPUYNHH,
HMOBIpHO, BiOyBaeThcsl 3MeHIIeHHsT kKouBepcii Cs 110
80% Takox 1 B ra3oBii Qas3i—mnpu 3HIKEHHI
temneparypu o 170 °C. Pi3ke 3MeHIIIEHHST KOHBEpCii
CIIOCTEPITAETHCS TAKOX TIPH IMiIBHUINECHHI THUCKY J0 2.5
MIla (tabn.2). 3a uWMX yMOB H-TICHTaH, 3TiJTHO
piBHSHHS AHTyaHa, TEPEeXOJUTh B PIiAKHA CcTaH i
YTBOpIOE IDIIBKY Ha [OBEPXHI KaTamizaropa, o
CTHOBUIBHIOE JUQY3il0 A0 aKkTUBHHX wLeHTpiB. [lpu
nigBuiieHHi Temmepatypu 10 190 °C Touka ¢aszoBoro
Mepexoay H-TIeHTaHy Bignosimae Tucky B 2.8 Mlla,
T00T0 TpU THCKYy y 1.5 MIla H-eHTaH 3HOBY
nepexonuTh B rasonofiObnuii cran. KonBepcis mnpu
npoMmy 3poctae 10 90%. OnHak, 3a Temmeparypud B
190 °C rtepmoguHaMiyHa piBHOBAara 3MIIIYETbCS B
CTOpPOHY YTBOpPEHHS oJe(diHiB, IO 0OyMOBIIOE
3MEHIIEHHS KoHBepcii. ToMy MiABHUINEHHS THCKY
BoaHO a0 2.5 MIla i temneparypu a0 190 °C He €
IOLIBHUM.
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Puc.2. °C SIMP cniexrpu Buxignoi ¢ppaxuii Cs (a) Ta npoaykTy ii rinpysanns (6)
(MS-903, 180 °C/1.5 MIla, 23 MM0:1b Cs/Tiar/4)

Tabmuug 2. Bniins ymos rinpyBanns Cs Ha KoHBepcilo os1ediHiB

T, °C P,MIla | L, mmonsCs/ H2/C’s, vom T, © X, Cs5, %
r/ron
180 1.5 8 3,6 54 99
180 1.5 16 2,6 3,3 99
180 1.5 23 1,8 2,8 98
170 1.5 23 1,4 3,1 80
180" 2.5 16 2,6 3,3 50
190 2.5 16 2,6 3,3 90

L- maBanTaxxenus Ha karanizarop; Ho/C's — MonsHe criBBignomenns Hy no C's;
Ty,- TpUBaNicTh KOHTAKTY; X, Cs - KOHBepcis onedinis; *) — pigka dasa.

Bapro 3a3HaumTH, OO0 BUCOKA KOHBEpCis Ha
Migb-okcuaHoMy MS-903 karanizaTopi ocsraeTbes 3a
HE3HAYHOTO HAJUIMIIKY  BOJHIO: MOJIbHE  CIIiB-
BigHomenHss Ho/C's cranoBwio 1.8 —3.6. 3aBasku
bOMY 3a0€3MeUy€eThCs JOCTAaTHBO TPHUBAIMK dYac

KOHTaKTY y 3—5c HaBiTh mnpu  3HAYHUX
HaBAHTAKEHHSIX. 3a MEHIIIOTO MOJIBHOTO
cuiBBimHomenHs Hy/Cs = 1.4, xkouBepcis omnediHiB
CYyTTEBO 3MEHIIYETHCS. Bnponosx cepii

eKCTIepUMeHTIB Kartamizarop MS-903 BiampamioBas
CyMapHO 36 TOJ 3 HIiCThbMa MEePiOANIHIMH 3yITUHKAMH
0e3 3HWKEHHS aKTUBHOCTI.
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Bucnoexu

lpgpyBanns onediniB Cs ¢pakmii 3 iX KoH-
Bepciero y 98 — 99 % moske 3ifiCHIOBATHCS B MAapOBii
da3i Ha Migp-BMICHOMY Karaji3aTopi CHHTE3Y
MeTaHoy 3a Temnepatypu 180 °C ta Tucky BoaHto 1.2
— 1.5 MIla. 3anumkoBuil BMicT onediHiB ckiagae 1-
2%.
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Hydrogenation of C's olefins in vapor phase on the copper oxide catalyst

M.E. Sharanda!, A.M. Mylin!, O.Yu. Zinchenko?, V.V. Brei!

Ynstitute for Sorption and Problems of Endoecology of the National Academy of Sciences of Ukraine ,
13 General Naumov Str., Kyiv, 03164, Ukraine, brei@ukr.net
2Manufacturing Group Techinservice Limited, Makiivskyy Provulok, 1, Kyiv, 04114, Ukraine net@techinservice.com.ua

Hydrogenation of unsaturated hydrocarbons is one of the important processes of the modern petrochemical
industry. Quite large amount of Cs.s fractions of hydrocarbons containing paraffins and olefins are formed via
pyrolysis of light petroleum products. To increase the production of ethylene and propylene, the separated Ca-s
fractions are recycled for pyrolysis. Preliminary hydrogenation of olefin compounds in these fractions is necessary.
Preferably, the hydrogenation is carried out in the liquid phase at temperatures of 40 — 80 °C under hydrogen pressure
up to 15 bar over high-cost palladium-containing catalysts. The aim of this work was to elucidate the possibility of
efficient hydrogenation of industrial Cs fraction containing C'5 olefins over some mixed copper-oxide catalysts.
Hydrogenation of C’s fraction of pyrolysis of light petroleum products in the vapor phase over such catalysts as CuO-
Zn0-ZrOz-Al0; and CuO-ZnO-Al;Os in comparison with commercial Pd/Al,O; catalyst for Css olefins
hydrogenation have been studied. The pyrolysis C'5 fraction containing 51 wt.% of unsaturated hydrocarbons (2-
methyl-1-butene, 2-pentene, cis-2-pentene, trans-2-pentene, 2-methyl-2-butene) was used in the work. The catalytic
process was carried out in a reactor with a fixed catalyst bed at 170 — 190 °C, and a pressure of 1.1 —2.5 MPa.
Analysis of obtained products was provided by gas-chromatography (Agilent 7820A) and **C NMR (Bruker Avance
400) methods. It is shown that the hydrogenation of olefins with conversion of the C'5 fraction such high as 98 — 99%
can be carried out in the vapor phase over CuO-ZnO-Al;0O3; and CuO-ZnO-Al,O3 catalysts at the temperature of
180 °C and pressure 1.2 — 1.5 MPa. The total Cs olefins loading can reach 15 — 23 mmol/gca/h. The residual content of
unsaturated hydrocarbons is 1%. At the pressure of 2.5 MPa, a sharp decrease in conversion is observed, as n-pentane
turns into a liquid phase. Catalyst deactivation was not observed for 36 hours. Under the same conditions the drop in
activity of industrial catalyst 0.35% Pd/Al.O; was observed after 70 minutes from the start of work.

Keywords: olefins, hydrogenation, copper catalyst, vapor phase.
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TemneparypHa inBepcis aii 0araromapoBux QyJepeHonoOAI0OHUX CTPYKTYP B
OKMCHEHHI H-IeKaHy MOJIEKYJISIPHUM KHCHEM

€.B. Iloayukiun, B.C. [Inasscskuii, T.M. Kamenesa , C.JI. MeasnuxoBa, O.0. I'alinaii,
1O.1. BoromoJioB

Incmumym 6ioopeaniunoi ximii ma nagpmoximii im. B.I1. Kyxaps HAH Ykpainu, 50, Xapkiscoke wioce,
02160 Kuis, Ykpaina, men./¢paxc: 044 292-30-88, E-mail: polunkin@i.ua

Pobomy npuceaueno axmyanvhiti npobnemi niosuwjenHs eHepeoeheKmUsHOCMi BUKOPUCIANHHA  PIOKUX
MOMOPHUX NAAue (DeH3UHI8, OU3ETbHUX MA PEaKMUBHUX NAUE) 8 MPAHCIOPMHUX eHepeemUuyHUX ycmanoskax. OOHum 3
HaUuObW NPUUHAMHUX WIAXIE SUDIUEeHHs Ylel npobaeMu HA CYYACHOMY emani, wo He nompebyec KanimaibHux
sumpam, € NOKPAWEHHS NpPoYecie XiMIYHUX nepemeopeHb MONeKYl NAiuéd 6 O08USyHax nio Oi€ Npucadox.
3anpononosano suxopucmanms bazamouiaposux ¢hyrepernonodionux cmpykmyp (BD@C) ax npucadku 00 MOMOPHUX
nanus. [ocniodceno enaus 006asox moougixoganux FDC na kousepciio peazenmis 6 npoyecax pioKoQazHoco
OKUCHEHHSI H-0eKaHy MONeKyIApHumM Kuchem 3a Hegucokux (70 °C) i eucoxux (150 °C) memnepamyp.
Excnepumenmanvrno susigneno sminy nanpamy 0ii BOC na ximiuni nepemeopents GUXIOHUX peazenmis 6 3a1edCHOC
8i0 memnepamypu npoyecy. Bcmanosneno, wjo 3a negucoxkux memnepamyp bDC inzibyroms OKUCHEHHS H-0eKAHY, a 3d
memnepamyp, OAU3LKUX 00 MeMNepamypu KUninHs 8y2ne600H10, HAGNAKU, NPUCKOPIOTOMb MPAHCHOPMAYII0 BUXIOHUX
Mmonekyn ankawy. Memoodom 2azopiounHoi xpomamozpaghii npoananizo8ano ckiad npooykmie nepemsopeHb AIKAHY
npu BUCOKOMEMNEPAMYPHOMY 080QAZHOMY (2a30PIOUHHOMY) pedcumi okucHenHsa. [loxazano, wo nepemseopeHHs
MOEKY H-0eKaHy 8i00Y8aAEMbCs 3d OOHAKOGUMU CXEMAMU K Y GUNAOKY OKUCHeHHs 6e3 dobasku BOC, max i 3a
HasgHocmi 6 cknadi piounu yux cnoayk. Ineepcitiny 0ito BDPC Ha oKucHeHHA 6Y2l1e600HI8 6 3aNedCHOCMmi Gi0
MeMnepamypHux ymMo8 HOSACHEeHO 3MIHOW nio0 enausom Haumowacmuunok BDC umadmonexyiapuoi cmpykmypu, AKy
Ymeopromy y pioOKuil 8y2e600Hesill Mampuyi noaapHi NPOOYKMuU HeNO8HO20 OKUCHEHHSL.

Knwwuogi cnoea: motopHe mnanuBo, OaraTomapoBi (ylepeHOnofiOHi CTPYKTYpH, OKHCHEHHS BYTJICBOJHIB
MOJICKYJISIPHUM KHCHEM, EHeproe()eKTUBHICTh BUKOPUCTAHHSI AJIUB

Bcmyn
OcHoBHa [0t HaQTOBUX pecypciB  3emui
BUTPAYa€ThCsl 3apa3 B eHeproarperarax, 10 SKHX

BITHOCATBCS,  30KpeMa, JBUTYHH  BHYTPIIIHBOTO
3TOpSIHHSL ~ TpaHCIOpTHHX  3aco6iB.  [lopsim  3i
CIIO’KMBAHHSIM BEJIUKOT KUTBKOCTI pecypcis,

CHEeproarperaTi € TakoXX I'OJIOBHUMH 3a0pyAHIOBaYaMu
OTOYYIOYOTO CEepeJIOBHINA. 3arpo3jnBa TEXHOTCHHA
CUTyallisl, Ky CTBOpPHJA eKCIUIyarTamisi Cy4acHOro
€HepreTHYHOro O0OJajHaHHSA, OOYMOBJICHA, B BEJHKIiH
Mipi, MaJIor0 eHeproeeKTUBHICTIO BUKOPHUCTAHHS TTaJTUB
B TakuX arperarax. Bigomo, 1110 koe]ilieHT KopucHoi Jii
OceH3MHOBUX IBUTYHIB gocsrae 30-35 %, a nu3enbHUX
He nepeuiiye 45% [1, 2].

EneproedekTuBHICTh ~ BUKOPHCTaHHS  TaJWB
3aJIeKUTh BiJ MOBHOTHU iX 3ropsHHA. 3 XIMiYHOI TOUKH
30py, MiA TOBHUM 3TOPSHHAM THajMBa PO3YyMIiIOTh
XiMiyHy TpaHcopMmariito MoJeKyd J0  KiHIEBHX
npoaykTiB okucHeHHs — COz i H2O. Ilpu HemoBHOMY
OKHMCHEHHI NaJIUB YTBOPIOIOTHCS TOKCHYHI CIIONYKH —
MPOMIKHI ~ TIPOAYKTH  TIEPETBOPEHb  BYTJICBOIHIB

(ampmerioy, KETOHW, CHOUPTH, KUCIOTH Tomio) [3, 4].
Tomy mifBUIIEHHS TOBHOTH 3TOPSIHHS MaJHB B JABUT'YHAX
€ aKTYaJbHOIO TPOOJIEMOIO JUI pecypco30epeeHHs Ta
MOKpAIIEHHsI eKOJIOTIYHOTro cTaHy. Ha cyuacHomy erari
HAWOUIBII MPUHHATHUM IUIIXOM IiJBUIIEHHS MOBHOTH
3TOPSIHHS NaiuB, UI0 HE MOTpPeOye KamiTalbHUX BUTpAT,
CNiJ BBKATH TMOUIYK Ta BHKOPUCTAHHS €(PEKTUBHHUX
HPHUCAIOK — KaTasi3aTopiB ropiHHs manus [4].

HoBi XiMi4HI TIPOCTOPOBiI CHOJNYKM Ha OCHOBI
Byremio  (bynepern, ix moximHi, Garartomiaposi (yste-
pEHOTOIOHI CTPYKTYpH) 3apa3 MIMPOKO IOCHTIIKYIOTHCS.
OWiHIOIOTBCST  TEPCIEKTHBH  3aCTOCYBaHHS  TaKUX
MarepianiB y Ppi3HMX Tajny3sX HAyKd 1 TEXHIKH:
CNIEKTPOHIIl, JIa3epHiil TexHimi, MemuimHi Ta iH. [5-9].
BcranoBneno, mo ¢QynepeHn akTHBHI AK iHTIOITOpH
TEPMOOKHCHIOBAITLHOI AECTPYKIil MOJiMEpiB, TEPEKHCHOTO
OKHMCHIOBAaHHS  JIIIIB, IHIIAOBAHOTO  OKHUCHEHHS
BYTJICBOJIHIB Ta PSY 1HITNX OKACHIOBAILHUX XIMIYHHX Ta
6ioximiunux mporecis [8-10].

BigoMo, 10 Ha MOYATKOBHX CTaisIX OKHCHEHHS
BYTJICBOHIB YTBOPIOIOTKCS ABA THUITH BUTHHUX PaJHKATIB
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— ankinpHi (Re) Ta nepoxcuani (ROO¢). Taki paxgukanu €
aKTUBHUMHM  LIEHTPaMHM  3apOMKCHHSA  JIAaHIFOTOBHUX
peakiiii IepeTBOPEHb BYTJIEBOIHIB IPH B3aEMOJIi 3
MOJIEKYJISIPHIM KHACHEM.

[aridyroua mis ¢ynepeHiB 0OyMOBICHA 3aXBaTOM
MEPOKCUIAHUX Ta  AJKIIBHIX  BUIBHUX  paJuKaliB
HEHACHYECHNUMH TOJBIHHUMHU 3B’SI3KaMH BYTJIELIEBOTO
octoBa OararomapoBux (ylepeHiB 3 YTBOPEHHSIM
cTabimpHuX paaukams [11, 12]. Crabimi3aliis akTHBHAX
BIJIBHUX paJuKamiB (ylepeHaMy 3a KIACHYHOIO CXEMOIO
BinOyBaeThCsl, SIK  NPaBWIO, CTEXIOMETPUYHO 1
XapaKTEePU3YETbCA YacoOM, HPOTAIOM SKOTO CIOCTe-
piraerscsi €peKT TaJbMyBaHHS OKHCHEHHS IIiJl BIUTMBOM
inribiTopa [13].

Hocnimxenns inriOyroouoi nii ¢ynepeHiB mnpu
OKHUCHEHHI  pIOKMX  OpraHiyHUX pPEYOBHH  OyIio
MPOBENEHO 3AeOUIBIIOr0 32 HEBHCOKHX TeMIlepaTyp B
TOMOTCHHUX CHUCTeMaX, J¢ B3aeMoJis BimOyBajiach 3a
YYIacTIO MOJIEKYJSIPHOTO KHCHIO, PO3YMHEHOTO B PIIKi
(ha3i oxucHIOBaHOTO CyOCTpary. TecToBi eKCIIepUMEHTH
3 BHUABJICHHS aKTUBHOCTI OaraTomapoBux (yiepeHiB B
TaKUX JOCHIPKCHHSIX 3IiHCHIOIOTh, SK IPaBHIO, 3
BUKOPUCTAHHSIM Ta30METPUYHOI YCTAHOBKH METOJIOM
BosroMoMeTpii [13-18].

Skmo cmupaTHCh Ha  pe3yiabTaTH  OLIHKH
IHTIOYI0OUNX BJIACTHBOCTEH (QyJEepeHiB 3a HEBHCOKHX
TeMmmeparyp 1 momuproBaTH iX Ha  o0iacTb
BHUCOKOTEMIIEPATYPHOTO  OKHCHEHHS (Ta  TOPIHHS)
BYIJTIEBOJHIB, TO cmix Oymo O dYekarw, mo moOaBKa
(dynepeHiB B ManvBa MOBHHHA TajbMyBaTH IMIBUJKICTh
MPOIECIB OKUCHEHHS KOMITOHEHTIB MOTOPHUX HaJIUB 1
3HW)KYBATH X OBHOTY 3TOPSIHHS.

Ane B pobGori [19] Hamm TOKa3aHo, IO TIpH
JOJlaBaHHI B  JU3eJIbHE MaJMBO JICKUIBKOX ppm
OararomapoBux ¢ynepeHonogiOnux crpykryp (bBPDC)
NUTOMI BUTpaTH manuBa (BUTpaTH ManMBa JUis
OTPUMAaHHS OIMHUII KOPHUCHOL MTOTY KHOCTI)
3MeHImIMch Ha 10-15% npu ogHOYacHOMY 3MEHILIECHHI
KUTBKOCTI BUKHUAIB TPOMIKHUX TOKCHYHUX CIIONYK Yy
BIANIpaIibOBAaHUX Ta3ax [BUTYHA. 3a pe3yJbTaTaMu
BUMIpIOBaHHS 1HAWKATOpPHOI niarpamu aBuryHa [20],
HamMu OyJO BHUSBJICHO MiABHLICHHS MAaKCHUMaJIbHOTO
THCKYy B KaMmepi 3TOpsSHHS 3a HAsIBHOCTI B IIajuBi
n00aBKH IMX cnoiykK. OTpuMaHi pe3ylbTaTh MOSICHEHO
30UIBLICHHSM TOBHOTH 3TOPSIHHS MaJlMBa MiJ BIUIMBOM
(ynepeHonoiOHNX HaHOYACTHHOK [19].

Memoro pobomu € BUSBIEHHS Ta OOTPYHTYBaHHS
yMOB, 3a skux iHriOyroua pniss BOC Ha oOKHCHEHHs
KOMIIOHEHTIB PiIKMX MOTOPHHX HajJUB MOJEKYISPHUM
KHCHEM MOXX€ 3MIHIOBaTHCh Ha INPOTWIEXKHY —

MOTTHOIEHHS KOHBepcii BUXITHHX MOJIEKYJI
BYTJIEBOJIHIB.

Mamepianu ma memoou 00cnioHceHH

Sk MOJIETbHY CUCTEMY OKHCHEHHS

BUKOPUCTOBYBaIM alipaTUIHUN BYIJICBOACHBH H-IICKaH,
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0 € OJHUM 3 XapaKTepHUX KOMIIOHEHTIB PIAKHX
MOTOPHUX TamuB. JlOCTHiKeHHS] MPOBOIWIN 3 OJIHI€T
naptii  w-gexady  (BupoOHuuTBO  dipmu  “Merck”,
Himeuunna, 3 BMICTOM OCHOBHOTO KOMIIOHEHTY
99,56%).

Bararomraposi ¢ynepeHonoaiOHi CTpyKTypHu Oyio
HalpanboBaHO BHCOKOYACTOTHHM PO3PSAHO-IMITYJIbC-
HUM CHHTE30M 3 BUKOPHUCTAHHSIM 3ali3HHX €JIEKTPOMIB i
JETKUX BYTJICBOIHIB (MpomaH-OyTaHOBa (pakiis) sk
BUXIJIHOTO Marepialy 3a METOJMKOI0, BHKIAJCHOI B
[21].

Ximiuny ~ Mmomudikarito  orpumanux bDC
MPOBOAMIM OPOMYBaHHAM 3a KIMHATHOI TEMIIEpaTypH
(20 °C) B HamgnumKy piakoro Opomy. 3alHIIKOBUI
OpoM Biaronsuin y Bakyymi npu 20 °C. BunineHus
HAaHOYACTHHOK Ta (PpakiiOHyBaHHS iX 3a pO3Mipamu
OPOBOAMIM IUIIXOM EKCTparyBaHHS aOCOJIOTHUM
€TaHOJIOM. 3a pe3yJbTaTaMU XiMIYHOI'O aHalli3y, BMIiCT

OpoMy B CHHTE30BAaHOMY TIPOAYKTI CTAaHOBHB
npubmuzao 60%, mac. Cepenniii po3mip BimiOpaHux
B®C 3a omiHKamM#u, TPOBEACHUMH  METOJAMHU

€JICKTPOHHOT Ta aTOMHO-CHJTOBOT MIKPOCKOTIi1, CKJIa1aB
10-15 um.

[aribyroui BIacTUBOCTI OpPOMOBAaHHMX MOXITHHX
B®C omiHoBanu BONIOMOMETPUYHHM METOJOM Ha
ra30METPHYHIA YCTaHOBIII B yMOBaX iHIIIHOBaHOTO
2,2"-a30-6ic-i306yTuponitpunom (AIBH, 1,83 - 107
M) okucHeHHs1 H-fiekaHy 3a Temmepatypu 70 °C mo
MIOTJIMHAHHIO KHCHIO ToBiTpst [22]. AIBH oummanu
METOJIOM IIepeKpHUCTaIi3allii 3 eTaHOoIy.

[MepemimyBanus pigkoi ¢asu BigOyBanoch 3a
pPaxyHOK 0e3NepepBHOTO CTPYLIYBAaHHS 3a AOIOMOIOIO
cnemianpHOrOo TpucTporo. Ha mpakrtumi  gactoTa
cTpymyBanHs ckmagae 5-10 cex’. Ilpum 1mpomy
JOCSITAETHCS KIHETUYHUH PEXKUM MIPOLIECY.

B BOC Ha KiHETHKY OKHCHEHHS H-JIEKaHY
3a migsumenux temmeparyp (150 °C) mocmimxysamn
3a METOJIOM OLIHKM TEPMOOKHUCHIOBAaJIbHOI cTabijib-
HOCTI Ha(TONPOAYKTIB, 1IEHTHYHUM CTaHAAPTHOMY
meroqy ACTM ]I 943 "Standard Test Method for
Oxidation Characteristics of Inhibited Mineral Oils".

I"a3oxpomarorpadiunmii aHani3 NPO/IYKTIB
OKHCHEHHST OyJ0 BHKOHAHO Ha xpomarorpadi “Agilent
Technologies  7890A” 3 moiym’siHO-iOHI3AIIITHIM
JETEKTOPOM 3 BHKOPHCTaHHSM KBapLOBOI KallIPHOI
KOJIOHKA JIOBXWHOIO 60 M, BHYTpIIIHIM JiaMeTpoM
0,320 MM 3 CEepEAHBOMOJSPHOI LIAHOIPOILIMETHICHITI-
KOHOBOIO (6% wianomponii-, 94% MeTumoiCHIIOKCaH)
HepyxoMmoro ¢azoro DB-624 Ul (toBmmHa 1mapy
1,8 MxkM) B i3oTepMmiuHOMY pexkumi. Temmeparypa
ananizy cranoBwia 210 °C, Temneparypa BUIApHUKA —
270 °C, nerextopa — 250 °C. IIpoGu BBOAMIIHCEH B KOJIOHKY
Mikpo-mmpuiieM emHicTIO 10,0 M. O6’em npodu: 0,4—
0,6 ™1 OOpoOKy pe3yJbraTiB  MPOBOAWIM 3
BHKOPHCTaHHSM aHaTiTHaHOI mporpamu ChemsStation.
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Pesynomamu 0ocnidicens ma ix 062060peHHs
Pesynbratu ominku BruiuBy n100aBku bOC Ha
MIBUJKICTh 1HINIHOBAaHOTO OKWUCHEHHS H-IIEKaHy 3a
HEBHCOKHX TEMIIEPATyp HaBeICHO Ha puc. 1.

2.5
2.45
2.4
2.35
2.3
2.25
2.2
2.15
2.1
2.05

2
-0.8 0.2 1.2
Konuenrparist BOC, % mac.

IIBuaxicTs oxkrcHenHs ,W-10-6, M

Puc. 1. BB konnenrparii b®C nHa mBHIKICTh
HIIIHOBaHOTO OKUCHEHHS H-fekany mpu 70 °C.

Otpumani  pe3ynbTaTH  CBig4aTh,  IIO
OpomoBani b®C mpu iHiNIHOBAaHOMY OKHCHEHHI
BYTJICBOJIHIB 32 YMOB HEBHCOKHX TEMIIEPATYP MIHCHO €
inribitopamu  crmabkoi mii. 3rigHO 3 eKcHepu-
MEHTAJbHUMHM JaHUMH, IIBHIKICTh HEIHr100BaHOTO
iHiioBaHOTO OKWCHEeHHS x-Ackany (Wo) craHoBmia
2,47 -+ 10° M - c'. BBeeHHS B OKHCHIOBABHY
cucremy OpomoBaHux BDPC ymoBinbHIOE NOTTTMHAHHS
KHCHIO H-JIEKaHOM, MIBUIKICTB OKHCHEHHSA
BYIJIEBOJHIO 3HIKYyeThcst Ha 20% B jgianma3oHi
KOHIICHTpaIliil J100aBKU 0,5:10°%-1,2% wmac. (puc. 1).
Haii6inpmr cTpiMke 3HMKEHHS MIBHIKOCTI OKHCHEHHS
CIIOCTEPITAIOCh TPH BHECEHHI MalMX KUTBKOCTEH
no6apku  BOC (memme 10°% wmac.), a npu
nmojanpmioMy  nonaBaHHi  OpomoBanmx b®OPC B
OKHCHIOBAaHMW H-JICKaH MIBHJKICTh OKHUCHIOBAHHS
cnabo 3MIHIOETBCS 31 3pOCTaHHSAM KOHIIEHTpalil
N00aBKH.

3a yMOB TIpOBEICHHS EKCIIEPUMEHTIB IIIBHI-
KICTh OKUCHEHHS H-JIeKaHy HE 3ajiekalia BiJl mapiriaib-
HOTrO THCKY KHcHIO B iHTepBaii 0,02—0,1 Mlla, To6To
oOpHB  JIAaHIIOTIB  BiAOyBa€ThCA IEpPEeBaXHO 3a
peaxkitiero BOC 3 nepokcuabHUMHU pamukanamu [13].

Ha puc. 2 HaBesieHO pe3yJibTaTH JAOCIIKCHHS
KOHBEpPCii YHCTOrO H-JIeKaHy Ta H-JIeKaHy 3 J00aBKOIO
1-10% r/n  GpomoBammx B®C 'y waci mpm
ABTOOKHCHEHHI B 0apOOTa)XKHOMY DPEaKTOpi y IMOTOI
nositps 10 av°/rox 3a Temnepatypu 150 °C.

3 KIHETHYHUX 3aJIeKHOCTEH, HaBEeIEHUX Ha
pucC. 2, BUAHO 3MEHIIEHHS KOHIICHTpaIlii H-IeKaHy Ta
3pOCTaHHS  KOHIIEHTpamii OCHOBHHUX  TPOAYKTIB
OKHUCHEHHST — i30MepHHX KeToHiB Cipo 3 pi3HEM
PO3MIIIICHHSIM KapOOHLTEHOT TpyIH B37IOBXK

BYIVICBOJHEBOIO  JIaHIFOra  (JICKaHOH-5,  JIeKaHOH-4,
JICKQHOH-3 Ta JIEKaHOH-2). BMICT i30MepHMX JCKaHOHIB B
okcuzati craHoButh ~50% Bim CyMHM YCIX NPOIYKTIB
OKHCHEHHSI.

Cepenl IHIIMX OKCHUI'CHATIB 3HAWICHO MACIKY
KutbKicTh anmipatuunux kucior C1—Co Ta 3aiUIIKH
aNpJeTiiB. 3 TOMNIMOJICHHSAM MPOLECy OKUCHEHHS Y
yaci moHax 2,0-2,5 ronnHU B MPOAYKTaX OKHCHEHHS
3’SBIISIOTBCSA CHOJAYKH 3 TEMIIEPATypO KHUIIHHS
moHan 260 °C, ski MOXXHA BiHECTH /IO ECTEPHHX
croiiyk. Bwmict iX HeBenwkuii, aje B CHCTEMI 3
mobaBkoro BiH B 3,55 pasiB BUIUNA, HDK IS
BUXIHOTO H-JIeKaHy (puc. 2, 6). Xapakrep KpUBHX
OKHCHEHHS H-JIeKaHy Y dYaci BIOIOBiZa€ KiHETHIII
HAaKOMIMYEHHS  TiIPOMEPOKCHIIB:  CIOCTEPIra€Thes
NOBIIBHUH PO3BUTOK peakuii (mepiox iHAYKUii) Ha
[OYaTKy TpOILEeCy, SKHA 3MIHIOETHCA TEePioJoM
aBTONPHUCKOPEHOTO PO3BUTKY. Taka 3aKOHOMIPHICTH
KOpEINoe 31 MIBUIKICTIO PO3KIAAy TiAPONEepOKCUIY,
sIKa 3pOCTa€ 3 YTBOPEHHSM KHCHEBMICHUX CIOIYK B
okcumati. IlocmimoBHICTE YTBOPEHHS TPOMYKTIB
OKHCHEHHS H-JIEKaHY OMHICYETHCS CXeMOI0 [22, 23]

H-IeKaH —2 [iIpOMEepOCHIN —> CITHPTH

L L= KETOHH —> CITHPTH
KHCIOTH

BpaxoByroun HasBHICTh B MOJIEKYJIi OpOMOBaHUX
B®C, mopsin 3 3meKTpoHOASHINMUTHOIO CHUCTEMOIO 3
KPaTHUMH 3B’SI3KAMH MK aTOMaMu BYTJICIIO, TAaKOXK
aToMiB OpoMy, sIKi HOJSPU3YIOTH MOJIEKYJTYy, MOXKHA
MPUITYyCTUTH, W0 Y BIACYTHOCTI iHimiaTopa 3a
MiIBUIIEHUX TeMIepaTyp MBUAKICTh peakiii KHCHIO 3
MOJICKYJIaMH JT0OOaBKH 38 CXEMOIO:

>C=CBr-CH2-Br+02 —
>C=CBr-CH2-Br (02)—
>C=CBr-CH-—Br+HOO:

Oyle BUIIOK, HDK 3 MOJIEKyJaMH cyOcTpary i Imo
JIAHITIOTOBY PEaKIlil0 OKUCHEHHs H-JCKaHy, B IEpIIy

uepry, iminiooTs came pagukamu HOO', yTBopeni 3a
HaBelIeHOI cxemoto. JlificHO, 3a 3rajaHuX yMOB,
mepiosl IHAYKIT YIS 9UCTOTO BYTJIEBOJHIO, CYTTEBO
NEpEeBUIY€ BiANOBIIHI JaHI JJisi CUCTEMH 3 100aBKOIO
opomoBanux bOC (~120 xB mia x-gexany i ~ 90 xB
JUISL H-JIEKaHy 3 100aBKOIO), a MIBHAKICTH OKHUCHEHHS
H-JICKaHy B JPYroMy BHUIAIKy 3HAYHO TEPECBUIILYE
BIMOBiIHI ~ JaHi s BHUXIJHOTO  BYIJICBOJIHIO.
KonBepcist »-mexkaHy B TPUCYTHOCTI JO0AaBKH IPHU
I’ ITUTOAMHHOMY OKHMCHEHHI craHoBuna 19,3%, B TOH
4ac, K YUCTOTro H-Nekany — e 4,8% (puc. 2).

ISSN 2707-5796. Kataliz ta naftohimia. 2021, 32



102

Kamaniz ma nagpmoximin, 2021, Ne32

.
<
5 100
=
jes]
=
‘5 96
<
=
T 92
&
S 88
S
84
80

H-IEKAH 3
nobaexok

E&C

0 40 80 120 160 200 240 280
Yac OKUCHEHHS, XB

@vag

Konnenrparuist
130MEpHUX JCKaHOH

o N OB O

o |

50 100 150

200 250 300

Yac OKHCHEHHS, XB

Konnenrpais
BHCOKOMOJICKYJIIPHUX
CCTERHUXCTIQNYK, Yo Mag, .
O N M OO FL N B

0 50 100 150

Yac oKuCHEHHS, XB

H-TeKaH 3
nobaexor0
B&C
BIDATHIGT
H-JeKaH

250 300

Puc. 2. 3miHa y uaci KOHUEHTpauii x-IekaHy (4), OCHOBHHMX NPOIYKTIB HOro aBTOOKHUCHEHHS — i30MEpHHX
JICKaHOHIB (6), a TAKOXK BUCOKOMOJICKYJISIPHUX €CTEPHUX CIOJYK (8) Y PIAKUX MOJEIbHUX cucTeMax (temieparypa 150 °C,

HIBHJIKICTh ITOTOKY MOBITps 10 I[MS/FOI[.).

3a pesyiabTaraMu  ra3oxpomMartorpadiyHoro
aHamizy, Ha (OHI 3pPOCTaHHA BMICTY TMPOIYKTIB
OKHUCHEHHS Y  Yaci, KOMIIOHEHTHHH  CKJIaj
JOCIIPKYBAaHUX CHCTEM IMPAKTUYHO HE 3MIHIOETHCS 3
MEPEX0I0M BiJl BUXITHOTO H-ICKaHY J0 KOMITO3UILH 3
nob6askoro OpomoBanux bDC. Lle € cBig9eHHAM TOTO,
0 J0JaHI  HAHOYACTUHKA  BHKOHYIOTH  POJIb
KaTajizaTopa OKUCHEHHS, alie He 3MIHIOKTh MEXaHi3M
peaxiii. Came BIIACTUBICTIO OpoOMOBaHHUX
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¢ynepeHonoAiOHMX  MarepiamiB  3a  MiJBUILEHHX
TeMIepaTyp  IHIIIIOBaTH  paJWKalbHO-JAHIIOTOBI
peaxirii aBTOOKHUCHEHHS BYTJICBOHIB MOXKHA
MOSICHUTH TPUCKOPEHHS 1 MOTMHOJNEHHS MpOLECiB
3rOPSIHHA MAJIUB B JIBUTYHAaX BHYTPIIIHBOTO 3TOPSIHHS,
ITiIBUIIICHHS TIOBHOTH 3TOPSIHHS Ta 3MEHILICHHS BUTPAT
nanuBa, M0 OyJ0 IMOKa3aHO HAaMHU B MOIMEPEIHIX
nociipkeHHsx [19].
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Bucnoexu
BceraHoBreHO — pI3HOCHPSMOBAHHMH  BIUIMB
OpomoBaHuX OararomapoBux (¢yJepeHonoaiOHuX

CTPYKTYp Ha OKMCHEHHS aJKaHIB B Pi3HHX yMOBax: 3a
HEBUCOKUX Temreparyp OpomoBaHi BDC iHriOyrooTh

BiJIbHO-paIUKaIIbHE MIepEeTBOPEHHS OpraHiuHUX
pEe4yoBHMH, a 3a TEMIepaTyp, HaONMKEHUX JI0
TeMIepaTypu KHTIIHHS piakoro cyOcTpary,

MPUCKOPIOIOTH TMPOIEC Ta MOTJIUOIIOIOTH KOHBEPCiIo

BYTJICBO/THIB, aie HE 3MIHIOIOTH MEXaHI3M
paguKaIbHO-TAHITIOTOBUX — IIEPETBOPEHB, IMPOTYyKTH
OKHUCHEHHS BIJIPI3HSIOTHCS JIUIIE KUIBKICHUM

CITIBBIIHOIIIEHHSIM KOMIIOHEHTIB.

Bussienuii inBepcHuit xapakrep BBy bDC
Ha OKHMCHEHHS aJIKaHIiB B 3aJIEXHOCTI BiJl TEMIIEpaTypH
JI03BOJISIE  PEKOMEHAYBAaTH IX SK TEPCIEKTUBHY
aKTHBHY OCHOBY IpPHCaJOK MOJBIHHOI il i
BYTJIEBOJHEBUX pinkux MOTOPHHX HaJIuB
(aHTHOKCHAAHTH TpU 30epiraHHi Ta KaTaai3aTopH IpU
BUKOPHUCTaHHI B IBUTYHAX).
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Temperature inversion of the action of multilayer fullerenoid structures in the
oxidation of N-decan by molecular oxygen

le.V. Polunkin, V.S. Pilyavsky, T.M. Kamenieva, S.L. Melnykova, 0.0. Gajdaj, Yu.l. Bogomolov

1V.P. Kukhar Institute of Bioorganic Chemistry and Petrochemistry of the National Academy of Sciences of Ukraine,
Ukraine, 02160, Kyiv, 50, Kharkivske shausse, tel./fax: 044 292-30-88,

E-mail: polunkin@i.ua

It was established that at low temperatures MFS inhibit the oxidation of n-decan, and at temperatures close to
the boiling point of the hydrocarbon, on the contrary, accelerate the transformation of the original alkane molecules.
The composition of alkane transformation products in the high-temperature two-phase (gas-liquid) oxidation regime
was analyzed by gas-liquid chromatography. It is shown that the transformation of n-decan molecules occurs
according to the same schemes both in the case of oxidation without the additive of MFS, and in the presence of these
compounds in a liquid. The work is devoted to the actual problem of increasing the energy efficiency of liquid motor
fuels (gasoline, diesel and jet fuels) in transport power plants. One of the most acceptable ways to solve this problem
at the present stage, which does not require capital expenditure, is to improve the processes of chemical
transformations of fuel molecules in engines under the action of additives. The use of multilayer fullerene-like
structures (MFS) as additives to motor fuels is proposed. The influence of additives modified MFS on the conversion
of reagents in the processes of liquid-phase oxidation of n-decan by molecular oxygen at low (70 °C) and high
(150 °C) temperatures has been studied. The change in the direction of the MFS action on chemical transformation of
initial reagents depending on process temperature is experimentally revealed. It was established that at low
temperatures MFS inhibit the oxidation of n-decan, and at temperatures close to the boiling point of hydrocarbons, on
the contrary, accelerate the transformation of the original alkane molecules. The composition of alkane transformation
products at high-temperature two-phase (gas-liquid) oxidation regime was analyzed by gas-liquid chromatography. It
is shown that the transformation of n-decan molecules occurs according to the same schemes both in the case of
oxidation without the additive of MFS, and in the presence of these compounds in a liquid.

Keywords: motor fuel, multilayer fullerene structures, oxidation of hydrocarbons with molecular oxygen,
energy efficiency of fuel use
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ITam’sati mpogecopa M. A. I'mikina

17 Bepecust 2021 poxy, Ha 87 pomi >KHTTS,
MIIIOB Yy BIYHICTh JOKTOP TEXHIYHHUX HAYK,
3acioykeHuill npodecop CXiIHOYKpaiHCHKOIO
HalllOHAJIbHOTO YyHiBepcutery iM. B. [lamns,
3acIy’KEHUHM A4 HAyKd 1 TEXHIKU YKpaiHu,
Oararopiunuii wieH peakoierii «Karami3 Tta
HapToxiMis»  Mapar  ApoHoBuu  ['mikiH.
[Ipodeciitna  Ta  HaykoBa  JiSUIBHICTD
npodecopa M.A. I'nmikiHa noB’s3aHa mepil 3a
BCE CeBepOOHEILKUM JIHJIIII
«XIMTEXHOJIOT1s», /Ie BIH MOYaB MPAIIOBATH 3
1958 poky micns 3akiHueHHs JIeHIHrpaaChbKOro
TEXHOJIOTTYHOI0 1HCTUTYTY. TaMm BiH MpOWIIOB
IHIISX BiJ| MOJIOJIIIOTO HAYKOBOT'O
CIIBpOOITHUKA /IO 3aCTYIMHHKA TUPEKTOpa 3
HaykoBoi poootu (1988-2002).

B meit wac BiH Takoxk od4oJtOBaB Jsabopatopito BHOyxoOe3meku B Bcecoro3HoMy HayKOBO-

JOCITIIHOMY THCTUTYTI TEXHIKH Oe3neKd B XimiuHiili mpomucioBocti y CeBepononenpky (1966-1969). bys
1HIIIATOPOM CTBOPEHHSI NIEPIIOTro B €BPOII MOJITOHY ISl JOCTIHKEHHS XIMIKO-TEXHOJIOT1YHHUX MPOIIECIB Y
MeXax BHOYXO- ¥ moxapoOe3nedHocTi. XiMikaM-TeXHoJIoraM J100pe Bigoma ioro moHorpadis «I TuKuH
M.A. D¢ heKTUBHOCTD U B3PHIBOOE30IIACHOCTD MPOLIECCOB XUMUYECKOM TexHonoruu. — Kues, 2000».

CrpaBoro xuttst M.A. TnikiHa OyB rereporeHHuil karani3z. BiH BiakpuB ioro ans cebe, Koiu
JI0TIOMaraB BUPINIYBAaTH MHUTaHHS 3 TEIUIOBHIUICHHS B KaTaIITHYHOMY TEHEpaTropi Teruia, siki O
3abe3neuyBaiii BUOyX00e3IeuyHi yMOBHU Tporiecy. Tak BiH mo3HaiioMuBcs 3 akajgemikoM I.K. bopeckoBum
ta npodecopom E.A. JleBunpkum 3 HoBocubipcbkoro InctutyTty katanizy. CyMiCHUMH 3yCHIISIMU BOHH
CTBOPWJIM TUIOTHUW PEaKTOp 3 TMCEBIAO3PIHKEHUM ImapoM KaTamizaropy. Ilicist mgocnmimkeHb Ha I
yctaHoBli M.A. T'nikiH 3amponoHyBaB HOBY KaTaliTUYHY TEXHOJOTIIO, 3apa3 BiJOMY B CBITI SK
aepo3oyibHUN KaTani3. BiH OyB mpakTUKOM 1 CBOi JOCHIKEHHS MPOBOAMUB, BHUXOASYU 3 TMOTPeO
BupoOHuuTBa. Ilin kepiBHMUTBOM Mapata ApoHoBHuYa Oyno mOOyZoBaHO 3 MUJIOTHI YCTAaHOBKH
aepo3osibHOTO Katamizy: Ha pocmimHomy 3aBomi JHJ/III «Ximrtexnonoris» B CeBEPOTOHENBKY st
3HEITKO/PKEHHST TPOMUCIOBUX BiAXodiB; Ha miampuemctsi «Katator» (m. Jlywn, IBemis) — mst
3HEIIKO/PKEHHST TPOMHUCIOBHX 1 TOOYTOBUX BiaxoniB; Ha «CasHCBKXIMIUIACT» — IS YTHIi3arii
XJIOPBMICHHX BiJXOJ/iB BHPOOHUIITBA BIHUIXJIOpHIY. Pe3ynpraté mux poOiT y3arampHeHi B MoHOTrpadii
«'maxkua MLA., I'mukuna .M. ['eteporennslii Ta3oda3Hblii a3p030IbHBIN HaHOKaTa u3. XapbkoB, 2015».
3a Bech CBIM AOCUTH 0OBruil HaykoBui nuisix M.A. I'mikin omyOnikyBaB noHaj 700 HayKOBHX Ipaib Ta
miarotysas 15 kKaHIUAATiB HAyK.

Mapar ApoHOBHY OYyB He TiNGKM BiJOMHM BueHHMM, ajne i memaroroM. Moro ( i #oro mimysun
Mitsubishi) 3naB maiike yBech CeBepomoHeLbK, 00 0araTo XTo HaBYaBCS Yy HHOTO Ha Kadeapi XiMidHOT
imkeHepii Ta ekonorii CxiAHOYKpaTHCHKOTO HAaIllOHAJILHOTO yHIBepCcHTETY iMeH1 Bonogumupa ans.

IcHytOTh mMIOIM, SKI CBOEID XapU3MOIO Ta EHTYy31a3MOM HAJWXAalOTh MOJOJIb, 1 HE TIIbKH, Ha
mi3HaHHS HOBOTO B Haylli. Takum O0yB MapaTt Aponosuu [ mikiH. I Ti, XTO 100pe #Oro 3HaB 1 CHNIKYBaBCS 3
HUM, MOXYTb I1¢ ATBepAUTH. BiuHa fiomy mam'sTh.
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IHam’saTi npogeccopa O.51. JloGoiiko

(28.04.1938 — 10.11.2021)

Bes mpodeciitna Ta HaykoBa [IiSUIBHICTH JOKTOpa TEXHIYHMX Hayk, npodecopa O.f. Jloboiika
MoB’si3aHa 3 XAapKIBCBKUM TOJITEXHIYHUM 1HCTHUTYTOM, J€ BIH TMpAIfOBaB aCHCTEHTOM, JIOIEHTOM,
npodecopom, nekaHoMm dakynbrery, a 3 1986 mo 2018 pik 3aBimyBaB Kadeapor XIMIYHOI TEXHOIOTii
HEOpraHiYHUX PEYOBMH, KaTajizy Ta exoyiorii. OCHOBHUM HamlpsMOM HayKoOBOi JisiIbHOCTI mpodecopa O. 5.
JloGoiiko Oyno JOCHIKEHHS KaTaliTUYHHUX 1 MacOOOMIHHHX IpPOIECIB, KaTami3aTopiB Uil €KOJIOTIYHO
YUCTUX PECYpCO- Ta EHepro30epiraroumx XIMIYHUX TexHosorid. [IpoTsrom OaraTboX pOKIB OUYOJFOBAB
HaykoBy mikoiy «KaramiThyai i MacooOMiHHI HpOIleCH B TEXHOJIOTISX 3B’S3aHOTO a30Ty, METaHOINY,
KaTaji3aTopiB 1 MaJuBHO-eHepreTnyHoMy Komruiekci». O.f. JloGoiiko cmiBaBTOp 425 HAyKOBUX Ipallb, y
TOMY YHCII 55 aBTOPCBKUX CBIZOLTB i MateHtiB, 10 MoHorpadiit 1 7 migpy4nukis. [liqroTysas 3 10KTOPIB 1
27 KaHIMIATIB HAyK, Y TOMy 4ucii aist B’ernamy, Kurato, Mopnawnii, Cynany i Boxigii. Moro monorpadii i
HiAPYYHUKH [IMPOKO BUKOPUCTOBYIOTHCS CTYACHTAMH 1 HAyKOBO-TEXHIYHMMH TMpalliBHUKAMU IS
MiATOTOBKY BHCOKOKBaJTi(hikOBaHMX crieriaicTiB. bararo 3ycuins Onekciit SIkoBuy nOKIamaB sl PO3BUTKY
1 TABUINEHHS SKOCTI MiITOTOBKH 1HXEHEPHUX 1 HAYKOBO-TMEAAroriyHUX KaJIpiB, a TAKOX BCTAHOBJICHHS Ta
3aKpIMJIEHHS! TBOPYUX 3B’A3KIB 3 MPOMHCIIOBICTIO, IHCTUTYTaMu HarioHanbHOI akaaemii Hayk YkpaiHu. 3
1999 no 2015 poxu O.41. Jloboiiko uneH cekuii XiMii 1 XiMigHOI TexHousorii KoMiTeTy 3 nep:kaBHUX MpeMmiit
VYkpainu B raixysi HayKH 1 TEXHIKH, a TakoxX uieH HarionanpHoi pagu YkpaiHu B raixysi HayKH 1 TEXHIKH. 3
1992 poky — akazneMik, OJHH 13 3aCHOBHHUKIB 1 WIEH Mpe3udil Akaaemii HayK BUIIOI MIKOIN YKpaiHH, B sSKil
OYO0JTIOBaB XapKiBChbKe perioHanbHe BigauieHHss AH Bumoi mkonu Ykpainu. [lilicauil wien Akaaemii Hayk
BUIIOI IIKOJMM YKpaiHH, NoYecHuil mpodecop VYKpaiHCHKOrO JEp>KaBHOTO XiMIKO-TEXHOJIOTTYHOTO
yHiBepcurety. Jlaypear JlepxaBHoi npemii YkpaiHu B raiysi Hayku 1 TexHiku. Haropomxenuit opreHom
«3HaK noImaHu», MeJaJuIio Betepan npartii Ta iHIIKMU HArOpoJaMH.

[Tam’satp mpo Omnexcisa SxoBuua JloOGoitka sk 3HaHOTO (DaxiBI B Taly3l XIMIYHOI TEXHOJOTII i
KaTaiisy, CBITIy, IUpPY 1 J00po3uwinBY JII0MUHY Ha3aBXI1 3aJTUIINTHCS 3 HAMHU.
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IHam’saTi npogecopa 3.I'. Ilixa
(25.06.1950 — 18.11.2021)
BiniiiimoB y BiuHICTH 3aBigyBau KadeIpu TEXHOJIOTIi OpraHiyHUX MNpoAykTiB HarioHansHOro

yHiBepcuteTy «JIpBiBchbKka [lomiTexHika», Oararopiunuii wieH peakoierii «Karaniz Ta HadToXimis» 30psH
I'puroposuy ITix.

Penxoneris 360ipHuky «Kataniz Ta HapTOXIMisD» 3 MOOKMM CYMOM CIOBIIIA€ PO PanToBY CMEPTh
3aBiyBaya Kadeapu TEXHOJOrli OpraHiYHMX MpOAYKTIB I[HCTUTYTY XiMii Ta XIMIYHMX TEXHOJOTIH,
npopekropa 3 HaykoBoi pobotu (2007-2014 pokiB) HarmionaneHoro yHiBepcuteTy «JIbBiBChbKa
MOJIITEXHIKAY, 3aCIyKEHOTro Aisiua HaAyKH 1 TEXHIKM YKpaiHH, JOKTOpa XIMIYHUX Hayk, rpodecopa 3opsiHa
I'puroposuua Ilixa.

J10 0CTaHHBOTO MOMEHTY CBOTO YXHUTTS 30psiH [ puropoBHY npuitMaB akTUBHY y4acTh y (OpMyBaHHI
Ta MOKpPAILIeHHI TeMaTH4HOI HampasieHocTi 30ipHuKy «Katamni3 Ta HadToxiMiss». CBOIO OCTaHHIO pEIeH31I0
Ha OJIVH 3 PYKOIIKCIB, HATICIAHUX JI0 PEAAKIi, BiH 3pOOUB 3a THXKEHB JI0 CBOEI Mepea9acHOi CMEpTI.

3HaHuil ¢axiBelb KIHETUKU, MEXaHI3MIB peakiliii OKUCHEHHsS OpPraHIiYHUX CIIOJIYK, MAaTeMaTHYHOI'O
OIHCY Ta METOJOJIOTIT JOCHIKEHHS CKJIaJHUX XIMIUHUX peakuii Ta mpoueciB OyB aBTopoM 300 HayKoBHX
nyOmikamiid, 14 maTeHTIB Ha BUHAXOJM, MiAPYYHUKA 1 CIIBaBTOPOM 8§ HaBYaJIbHUX MOCiOHMKIB. Ilif
OaraTomiTHIM KepiBHUITBOM 3opsiHa ['puroposuua xadeapa TeXHONIOT1i opraHiYHUX NpoayKTiB JIbBIBChKOT
MOJITEXHIKM TpaIioBaia Haja JOCT/DKEHHAMU TEOPETUYHUX OCHOB CTBOPEHHS BHCOKOE(PEKTHBHHUX
IHIIIIOIOYNX Ta KATAIITHYHUX CHUCTEM JJIs MPOIECIB CEJICKTUBHUX TMEPETBOPEHb OPraHIYHUX CIONYK 13
METOIO OJIEpXKaHHS MOHOMEPIB 1 MOIIMEpiB.

Sk mpopektop 3 HaykoBoi poOoTH 30psH ['pUropoBud n0KJIaJaB YMMajio 3yCWib 1 Mpari ajis
HaJlaropkeHHs criBnparti JIbBiBebkoi nmositexHiku 3 HAH Ykpainu, opranizyBaHHs MIXXHApOJHOI HayKOBOT
CHIBIIpalll, BIIPOBA/KEHHS] HOBUX MIIXOAIB /10 OpraHizaiii 1 BUKOHaHHS HAayKOBUX POOIT Ta MPUKIATHUX
pO3po0OK YHIBEpCUTETY, HAMpAIIOBaHHS Ta BIPOBAKCHHsS KOHIEMNINl iHTerpamii Haykd 1 OCBITH,
1H(pOopMaLIiHOTO 3a0€3NeUeHHs] HAYKOBHX JOCIIKEHb.

3opsaH ['puropoBud 3amuIInTBCS B Nam’ATi 0araThboxX sIK MYyJIpHH KEepiBHHUK Ta Menaror,
JltronuHa 3 BUCOKMMH MOPAJIBHIMH TPUHIIMIIAME Ta [IIHHOCTSIMH. BiuHa oMy 1maM’ATb.
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IHam’saTi B.1. KanikoBcbKkoro

(08.11.1954 — 20.12.2021)

20 rpynusa 2021 p. Ha 68-y poui XUTTS MILIOB Yy
BiuHicTh KamkoBcekuii Bomogumup [nniy — tananoButuit
BUCHHU, KaHAWAAT XIMIYHUX HAyK, 3aBiAyBad BIIIUTY
OpPraHiYHOr0 Ta Ha(TOXIMIYHOTO CHHTE3y, 3aCTYIHUK
JTUpPEKTOpa 3 HaykKoBOi poboTu IHcTuTyTy OloOpraHiqHoOi
ximii Ta HadToximii HAH Ykpainu im. B.I1. Kyxaps, wien
Penxonerii «Karamni3 Ta HapTOXIMIisI».

Bomomumup [mmiv  KamkoBchkuidi  HapoamBcs 8
mucronaga 1954 poky B ceni lllepmni BiHHUIBKOT
obmacti. Ilicns 3akinuenns B 1979 pormi XiMidHOTO
¢dakynpTery KHUIBCBKOro Iep)KaBHOTO YHIBEPCHTETY IM.
Tapaca IlleBuenka OyB HampaBiieHHi Ha poooty B CekTop
(Bigninenns) nadroximii [H®OB AH VYPCP (Huni —
IBOHX im. B.I1. Kyxaps HAH VYkpaiau), ne 3a 42 poku
NPOMIIOB NUISIX BiJ| iH)KEHEepa-I0CHiIHUKA JI0 3aCTyITHUKA
JTUPEKTOpa 3 HAYKOBOT1 pOOOTH.

B.I. KamxkoBcbkuii  AOCHIIKyBaB  OCOOJIHMBOCTI
[IEOJITHOTO  KaTalidy B Tpolecax alKUIyBaHHS, a
BIIPOJIOBX OCTAHHIX JECATWIITh YiIbHE MICIE B TpAISIX
B.I. KamkoBchkoro 3ailHsiau po3poOKa i BIPOBAIKEHHS II0I HU3KU MPUPOJTOOXOPOHHUX TEXHOJOTIH —
OYMILEHHS MUTHOI BOJM 1 CTOKIB PI3HOTO MOXOKEHHS, NMEPEBEJCHHS y HEPO3UMHHUM CTaH 1 yTHIIi3alis
BUCOKOTOKCHUYHUX (PLIBTPATIB Ha 3BAJUIIAX TBEPAUX MOOYTOBUX BiAXO/iB, 3HEBOJHEHHS MYJIIB 1 OUUIICHHS
CTIYHUX BOJ Ha BopTHHIBKINA cTaHMii aepamii, po3poOKka TeXHOJOTriI mepepoOKH BiTXO/AiB POCIHMHHUITBA i
30JIbHUX 3aJUIIKIB TEIUIOBUX EJIEKTPOCTAHIINA SK AEmeBOi 1, MPaKTUYHO, HEBMYEPITHOI CHUPOBUHHU IS
OJIepKaHHS BUCOKOYHCTUX AIOKCUAY 1 KapOimy KpeMHilo.

OcHoBHI pe3ynbTaTH HaykoBoi misuibHOcTi B.I. KamkoBcekoro omyOmikoBano y 300 nHaykoBo-
nomyJsipHUX myOumikamiax i3 Hux 110 HaykoBHX cTarTei, 3 MoHOrpadii, 45 MaTeHTIB 1 aBTOPCHKHUX CBIIOITB
Ha BUHAXOJH.

InTencuBHMt TBOpumii momyk Bomogummup Immiy BMIO MOenHYBaB 3 HayKOBO-OpTaHi3alliifHOIO
JISUTBHICTIO 1 MIATOTOBKOIO HayKoBOi 3MiHM. CTBOpeHa HUM Y BiJIUII MOJIOJIIXKHA TPYyIIa, YiICHIB sIKOi BiH 3
0aThKIBCHKOIO TEIJIOTOIO HA3WBaB «MOi mMmapyOkm» (HE3aJeXHO BiJ CTari), CTaja CBOEPITHUM
IHTEJIEKTyalbHUM IIEHTPOM — I'€HepaTOPOM HOBHMX MIAXOMIB 1 HUISXIB BUPIIMIEHHS HAYKOBHX 1 HAyKOBO-
TEXHIYHUX 3aBIaHb.

[Tonpu Benuky 3aBaHTa)KeHICTH poboTor0 Bomomumup I[nmiy mikaBuUBCA 1CTOpI€IO, CIIIKYBaB 3a
HOBUHKAaMHU XYyJOXKHBOI 1 MyONIIIUCTHYHOI JiTepaTypu, Oararo 4YuTaB, MaB TOHKE MOYYTTS TyMOpY.
Bumornusuii 10 cebe 1 CBOiX Mi/UIeTIMX BiH BiJ3HAYABCS JOOPO3UUIMBICTIO, TOJEPAHTHICTIO, HAIIHHICTIO,
BMIHHSIM BHCIIYXaTH 1 3pO3yMITH iHILIOTO.

[Tam’site ipo Bonogumupa Imtiva - HaA3BUYAWHO CBITITY JIOAMHY Ha3aBXKIU 30€peKEThCS B CEPILIX
fioro y4HiB, KOJIET, Ipy3iB, COPAaTHHUKIB.
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