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HccenenoBaH mpoliecc napuuaibHOTO OKHCICHHUS 3TAHOJIA B KBAPLIEBOM MHUKPOPEAKTOPE MpH aTMOC(EpHOM JIaBlie-
H1M B obstactr Temrieparyp 300-450 °C na HuxeneBoM Katanuzarope (20 mac %), HAaHECEHHOM Ha OKCHJ IIMHKa. Pek-
TH(]uKaT 3TaHONa (a3e0TporHas cMech cocTaBa 95,6 Mac.% staHona u 4,4 Mac.% BOABI) 10JABAJICS B PEAKTOP CO CKOPO-
ctbio 0,4-1,3 r/uac nepuCTaIPTHYECKUM HACOCOM CHauasla B UCIIApHUTENb, a 3aTEM B BHJIE ra30Boil (pa3sl — B peaktop. B
KaueCcTBE MCTOYHUKA KUCIOPOJa MCIIOIB30BAIN BO3/YX, KOTOPBIH MO/ABAJICs BO3AYLIHBIM HACOCOM B PEAKTOP, U €ro
MOTOK PEryJIMPOBAJICSl POTAMETPOM, YTOOBI MOJISIPHOE COOTHOILIEHHE «KUCIOPOA — 3TAHOJD) U3MEHSUIOCh B MHTEpBae
0,45-2,0. HukeneBblil KaTaau3aTop HPUIOTOBILUICS MPOIUTKON MPOMBIIUIEHHOTO MOPOIIKA OKCHAA LMHKA HUTPATOM
HUKEJIsl C TIOCIEAYIOUIMM TPOKAIMBAaHUEM M BOCCTAHOBJICHHEM OKCHZA HHUKENs 10 METAJNIMYECKOTO HUKeNS. AHau3
ra3000pa3HbIX NPOJYKTOB OCYIIECTBISIIM HA ra30oBoM xpomaTorpade «L{Ber-500», neTekTop — KaTapoMeTp.

Iokasano, uto paspaboTaHHblii panee katamuzatop Ni/ZnO umeeT BBICOKYIO 3(D(HEKTHBHOCTh MPH MAPIHATEHOM
OKHCIICHHH 3TaHosa B o0iacTH HMU3KMX Temneparyp. OCHOBHBIMH HMPOAYKTAMH 3TOTO IpoLecca SIBISIOTCS BOAOPOL,
MeTaH, MOHOOKCHZ U JHOKCH] yriepona. C yBeIndeHHEeM MOJISIPHOTO COOTHOIIEHUS «KHCIOPOJ — 3TaHOI», CoAepKa-
HHE BOJIOpOJia B IPOJIyKTax npouecca ymeHnbiaercs (ot 60 06.% 1o 25 06.%), a 1ByOoKHCH yriepoaa, Hao00poT, YBEIH-
gmBaeTcs (0T 26 00.% 10 65 00.%). Brixon Bogopona coctapisin npu Temmeparype 450 °C 1 Mo Ha 1 MOITB STaHOMA.

MoHookcua yrieposia HabJIr0IaeTCsl MPH MajloM COOTHOLIEHUH «KUCIOpoAa — 3TaHom» (1o 0,85). YcraHoBieHo,
YTO NpH OOJIBIIEM COOTHOIIEHHH MOHOOKCH/| YTIJIEpoia OTCYTCTBYET BO BCEH MCCIIEIOBAHHOI 00JIacTH TeMIieparyp.
KonBepcus sTaHona mporekaeT MHTEHCUBHO, B yXe mpu Temmeparype 450 °C 3TaHOT KOHBEPCHPOBAH MPAKTHUECKU
MOJHOCTRIO. Bosbiioe comeprkanne merana (20-30 06.%) B mpoaykrax pedOpMHUHra yKa3blBaeT Ha TO, YTO HaYalb-
HOM cTajueil mpoiiecca sBsieTCsl OKUCICHUE 3TaHOJIA C MOCICAYIOIIUM Pa3JIoKeHHEM 00pa3yroerocsl aleTaibIer u-
Jla Ha METaH U MOHOOKCH/ yriiepoja. He3HauuTe pHOE coJiepKaHue BOJIbI B IIMTAIONIEH CMECH MTPUBOJHUT K HPAKTH-
YECKHU MOJIHOMY OTCYTCTBHUIO IU(T-PEAKIMH, IPH ITOM MOHOOKHUCH YIJIepoJia OKUCISIETCS] KUCIOPOJIOM /10 IBYOKHCH
yriepona. [ToHmkeHHOe coepKaHue MEeTaHa B CPaBHEHUH C IMPOIECCOM BOAHO-TIAPOBOT0 pe)OPMHHTA ITAHOJIA MO-
JKET OBITh 00BSICHEHO YaCTUYHBIM €T0 OKHCIEHHEM J0 JBYOKHCH YIIIEpOoJia, O YEM CBHUJIETEINBCTBYET BHICOKOE COAEp-
JKaHUE MOCJIEHETO B IIPOAYKTAX pehOpMHHTa.

KnioyeBble crioBa: HU3KoTEMMepaTypHoe napuuanbHOe OKUCHEeHUE; 3TaHoM; HUKENeBbIl kaTanu3aTop; BOAOPOA; MeTaH; KUCMOopoa;
AVOKCUA Yrnepoaa; MOHOOKCHA Yriiepofa; MUKPOPEaKTop; KOHBEPCHST; PEPOPMUHT.
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The paper investigates the partial oxidation of ethanol process in a quartz microreactor at atmospheric pressure in
the temperature range 300—-450 °C on a nickel catalyst (20 wt%) deposited on zinc oxide. Rectified ethanol (an azeo-
tropic mixture of 95.6 wt.% ethanol and 4.4 wt.% water) is fed into the reactor at a rate of 0.4-1.3 g / hour by a peris-
taltic pump, first into the evaporator, and then as a gas phase into the reactor. Air is used as a source of oxygen which
is supplied by an air pump to the reactor and its flow is controlled by a rotameter so that the oxygen-ethanol molar
ratio varied between 0.45 and 2.0. The nickel catalyst is prepared by impregnating industrial zinc oxide powder with
nickel nitrate, followed by calcination and reduction of nickel oxide to metallic nickel. Analysis of gaseous products
is performed on a Tsvet-500 gas chromatograph. The detector is a katharometer.

A catalyst Ni/ZnO developed earlier is shown to have high efficiency in the partial oxidation of ethanol at low
temperatures. The main products of this process are hydrogen, methane, carbon monoxide and dioxide.

With an increase in the oxygen-ethanol molar ratio, the hydrogen content in the products of the process decreases
(from 60 to 25 vol.%), carbon dioxide, on the contrary, increases (26 to 65 vol.%). The hydrogen yield is 1 mol per 1
mol of ethanol at a temperature of 450 °C.

Carbon monoxide is observed with a low ratio of oxygen-ethanol (up to 0.85). With a higher ratio, carbon monox-
ide is absent in the entire temperature range studied. The conversion of ethanol proceeds intensively and already at a
temperature of 450 ‘C ethanol is converted almost completely. A high methane content (20—30% vol.%) in reforming
products indicates that the initial stage of the process is the oxidation of ethanol followed by decomposition of the
resulting acetaldehyde into methane and carbon monoxide.

The insignificant water content in the supply mixture leads to an almost complete absence of a shift reaction. Car-
bon monoxide is then oxidized with oxygen to carbon dioxide. The reduced methane content in comparison with the
process of water-steam ethanol reforming can be explained by its partial oxidation to carbon dioxide, which explains
the high content of the latter in reforming products.

Keywords: low-temperature partial oxidation; ethanol; nickel catalyst; hydrogen; methane; oxygen; carbon dioxide; carbon monoxide;

microreactor, conversion, reforming.
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1. BBenenue

B Hacrosimiee Bpemsi MHTCHCUBHO DPa3BHBAeTCSl Ha-
NpaBJIeHHE MO MPUMEHEHHIO TOIUIMBHBIX JIEMEHTOB IS
MOOMJIBHBIX M CTAallMOHAPHBIX JHEPrOyCTaHOBOK, JUIA
TPaHCIOPTHBIX cpeAcTB. Cpean paziIM4HbIX THUIOB TOII-
JIMBHBIX 3JIEMEHTOB HanOoJiee MEePCIEKTHUBHBIMHU SIBIISI-
I0TCS 2JIEMEHTHl Ha HPOTOHONPOBOAALIMX MeMOpaHax
BCJIEJICTBHE WX BBICOKOW A()(HEKTUBHOCTH, OOIBIION
yZIeJIBHON MOITHOCTH M OTCYTCTBHS BPEIHBIX BHIOPOCOB
B OKpyxamwuyto cpeny [1]. OyHKUMOHUPOBAHUE TAKUX
YCTPOMCTB TpebyeT yJoOHOro 1 6€30MacHOr0 HCTOYHUKA
BOJIOpPO/ia. DTaHOJ pPaccMaTpUBAETCS KaK IEPCIIEKTHB-
HBIIl ICTOYHKK BOJIOPOJa B CPAaBHEHHHU C IPYTUMH yTlie-
BOJIOPO/IaMH, TAaKUMHM KaKk METaHOJ, OEH3MH, MeTaH U
Jp., BCIENCTBUE HM3KOI Ce0ECTOMMOCTH, HETOKCHYHO-
CTH, CPAaBHHUTEJIHLHO HEBBICOKOI TeMIepaTyphbl KaTaJuTH-
vyeckoit kouBepcuu [2, 3]. DepMeHTaIMs TIIOKO3bI, C

Myémmkanuu: 251.

nology of semiconductors.
Publications: 251.

MTOMOIIIBI0 KOTOPOX TMPOU3BOMAAT 3TAHOMN, — 3TO MPOIIECC,
KOTOPBII IMIHPOKO MPUMEHICTCS U MMEeT HU3KOI CTOH-
MOCTb. A JIByOKHCH yIJIepo/ia, KOTOpasi NPy 3TOM He3Ha-
YHUTEIBHO BBLIEIACTCS, JIETKO MOXKET OBITh aKKYMYJIHPO-
BaHa U coxpaneHa [2].

Bonmopoa MokeT OBITH IMOJy4eH M3 3TaHOJIa TPeMs
Croco0amu: BOJHO-TIAPOBOM pPE(GOPMHUHT, OKHCIUTEIb-
HBIIl MapoBOil peOPMUHT M TAPLUAIBLHOE OKHCIICHHE
stanona (POX) [2-7].

B macrosme#t paboTte mcciemoBaH mporecc HHU3KO-
TEMIIEPaTypHOTO MapIHaTbHOTO OKHCICHHS 3TaHONA Ha
paHee pa3paOOTaHHOM HHKEIIEBOM KaTajH3aTope, HaHe-
CEHHOM Ha OKCHJI I[HKA, C [EJBI0 TOIYICeHU BOIOpOIa
C MHUHUMaJIbHBIM COJIEp)KaHHMEM MOHOOKHCH YrIiepoja.
VccnenoBanusi IPOBOJIMINCH B UHTEpBAJIE TEMIIEPATYp
300+450 °C mpu pasHBIX COOTHOIICHHUSX KHCJIO-
pOM/3TaHOM, pa3HBIX CKOPOCTSAX MOJa4YH 3TAaHONA, C ra-
30M HOCHUTENIEM (aprOHOM) WK 6€3 ra3a HOCUTETISI.

Cnucok 0003HaYeHHii

Byxkevl namurnckozo argasuma

n KonnuecTBo Moieit sTanona

>ny CyMma MoJieid BceX IPOAYKTOB

S CoctaB npoayKTOB ra3oBoii ¢asel, Moi1.%
X CreneHb KOHBEPCHH, MOJL %

Unoexcwvl nuscrue

Bxon Ha Bxoze B peakTop

Beixon Ha BbIxoze U3 pexropa

OraHon OraHon

Abbpesuamypol

POX [lapumanpHOE OKHCIICHHE

AIIIT A-24 Amnanoro-nndpoBoi mpeodpazoBareib
MKP MUKpOKaHaJIbHbIE PEAKTOPbI
«MyastuXpom 3.0» IIporpamma 00paboTku XpoMatorpadhuuecKux MUKOB
1Ber-500M Xpomarorpad
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2. Teopernuyeckuii aHaIn3

MaprmansHoe okucienne (POX) ecTh mporecc He-
[OJIHOTO OKHCJEHHS STaHola. DTOT MPOIECC MOKET

C,Hs0OH + 0,50,= 2CO + 3H,
C2H5OH + 02: COZ +CO + 3H2
C2H5OH + 1,502 = 3H2 +2 COZ

Ora peaknus TepMOJMHAMHUYECKU BHITOJHA NPU HU3-
KHX TeMIIepaTypax, MpU KOTOPBIX YaCTh ITAHOJA CIKHIa-
eTcs U1 TIONy4eHHs TpeOyeMoil SHepriy, 0JHOBPEMEH-
HO CHWDKas BBIXOJ BOAOpPOAa B CPaBHCHHUH C BOJHO-
napoBoM pedopmurrom. HecMoTpst Ha TO 4TO peakuus
POX wMoxeT NpoXOOWTh MPH OTHOCHUTENBFHO HU3KOU
TeMIepaType, BBHICOKAs SK30TEPMUYHOCTh PEAKIUH MO-
’KET NPUBECTU K AE3aKTHBALUH Katanuzaropa. [Ipenmy-
LIECTBO ATOM peakiiK 3aKII0YaeTcs B TOM, YTO OHa Jie-
MOHCTPHpPYET OBICTpOE BpeMs 3amycka M OTKIIMKA, MPH
3TOM HOTEHIMAIBEHO TpeOyeTcs 0ojiee KOMIIAKTHAsE KOH-
CTPYKLIMSI peaKkTopa, YTO JKEJIATENIbHO UISi MOOMIIBHBIX
TOIUIMBHBIX 3JIEMEHTOB.

BaxubpiM (akTOopoM TpHu mpoBeaeHHH pedopMHHTa
JTaHONa SBISIETCS pa3paboTKa BBICOKOA(P HEKTHBHEIX,
CTaOWIIBHBIX M HEAOPOTHX KaTanu3aTtopoB. B uneansHOM
npouecce pedopmuHra Tpedyercs KaTtanusatop, pabo-
TAfOLIUIl IPU HU3KUX TEMIIEPATypax, AJIs CO3OaHMs I0JI-
TOBEYHBIX M 0E30MacHBIX pedopMaTopoB, KOTOPHIE MO-
I'YT OBITH MCIOJIB30BAHBI Il MOOMIBHBIX MPUIIOKEHHMI.
CienyeT OTMETHTB, YTO MPUPOJIa METAIIA U HOCUTEIS B
KaTajJM3aTope CWIIBHO BIIMSIET HA IOJYYalolIuecs Ipo-
IYKTBI U CTabMIIBHOCTH CaMoro Katajmsaropa [3, 4].

Iporiece POX 3taHona MpOBOAMIICS HA Pa3IMIHBIX
KaTanu3aropax Omaropoasbix wmetamion: Pt/AIlLOz,
Pt/ZrO, [8], Pt/CeZr0O,[9], Rh, Pt, Pd, bumeTammueckue
Rh-Ru, Rh-Ce Ha Al,0; [10], Rh/Al,0; Rh/TIiO,,
Rh/CeO; [11], Rh/Al,O3; kakx Ha MOHOJIMTHOM KaTaju3a-
tope [12], Tak u B peakropax ¢ Pd—Ag memOpaHoi [uis
HOJTy4eHus gucToro Bogopona [13]. lnsa mapuuaibHOTO
OKHCJICHHUSI 9TAHOJIa Ha IUIATHHOBOM KaTajM3aTtope paspa-
GoTaHa MUKPOKHHETHYECKast Mozenb [14], npoBeseH Tep-
MoJMHamMu4eckuii ananu3 [15, 16]. Kpome Toro, npume-
msutich apyrue Katanusaropsl: Cu/Nb,Os [17], Ni/Al,O3
[17-19], Co,Ni/ZnO [19], Cos04/Al,03 [20], cMmemmanHbe
okcuapl CoAlZn, NiAlZn [19, 21-23], NiCeSiO,, [24],
VIAI,Os, VITIO, [25] u naxke HaHOYACTHIBI 30JI0Ta Ha
Al,O3 npu u3y4yeHnu B MEKpopeakTope [26].

[Ipy M3y4eHHH Pa3HBIX KAaTaM3aTOPOB s pedop-
MHHTa 3TaHoJa Ha pa3an4HbIX HocuTemsix (Al,O3, CeO—
Al,O3, Ce0,, Ce0,—Zr0,, Zr0,) [3, 17] 6buto mokasaHo,
YTO aKTUBHOCTH KATaIN3aTOPOB MOXKHO PACIIONIOKHTH B
pstr: Rh>Ni > Pd > Pt > Cu=2Zn > Ru = Fe.

Karanuzarops! Ha ocHoBe Co, Ni [17-24] unrepecHsl
W TEepCHeKTUBHBI Ul peOpPMHUHIa 3TaHONA C TOYKH
3pEeHUs] IKOHOMUKH, IIPU STOM HaOJII0AaeTCss MUHUMAIIb-
HOE OCaKIEHWE yriepola Ha KaTalu3aTope M, COOTBET-

NPOXOIHUTh C PA3TMYHBIMU KOHIEHTPALUSIMHU KHCIOPO-
na (ypaBHeHus 1-3). Peaxmus sk30TepMHYHA IJISL MO-

JSIPHOTO ~ COOTHOIUCHHUSI  KHUCIOPOI/TAHON, MPEBBI-
maromrero 0,5.
A H'%gg = —57k/Ix/MoI1B Q)
A H° 05 = 226 kJTx/MoIB 2
A H° 505 = 509k [>x/M0I1B 3)

CTBEHHO, TOBBIIIACTCSA €ro cTabuabHOCTh [17, 27]. CwMe-
mransbie okcuapl CuO/ZnO/Al,O3 cocoOCTBYIOT OBICT-
polt mermaporeHM3anuu N0 anerampaeruga [17], Torma
kak Ni croco6ctByer paspeiBy cBsizsu C—C B 3TaHoIe C
o0pa3oBaHIEM MeTaHa U MOHOOKHUCH yriepoja [28, 29].

O0Opa3oBaHHE HEXKENATENbHBIX MMOOOYHBIX MPOIYK-
TOB (3TWJICH, aleTalbJCT /I, alleTOH U Jp.) B Mpolecce
pedopMUHTa 3TaHONA 3aBHCUT OT CBOMCTB HOCHTEIS.
Hcnone3yemeiii B kauectBe Hocutens Al,Oz u3-3a cBoux
KHCJIOTHBIX CBOMCTB CIIOCOOCTBYET JCTHApATALMU 3Ta-
noia 1o stuiiena [30], a ZnO, nposBISAIONIUA OCHOBHBIE
CBOWCTBA, SBISICTCS BBICOKOAKTUBHBIM IS JETHIPUPO-
BaHMs 3TaHosna g0 anertanpaeruga [30]. B mocneanee
BpeMsi Bce OOJIbIIICe BHUMAHHE MPUBJICKACT HHU3KOTEM-
nepatypHasi KOHBEPCHsI ITaHOJNA Ha Katanu3atopax Ni,
Co, Cu na ZnO [28, 31]. [Ipu 3TOM HCCIIe0BATEIN Ha-
OJFOIANTM OTCYTCTBHE MOHOOKHCH YIJIepoja MpHU TeMIie-
parype 350 °C B mony4arorieiics razoBoit cmecu [31].

Panee aBTOpamMH MaHHOW cTaTbu ObUT HCCIIEHOBAaH
MPOIIECC HU3KOTEMIIEPATYPHOTO BOJHO-TIAPOBOTO  pe-
(¢opMHUHra Ha Pa3IMYHBIX KaTaaU3aTOpax B OOBEMHOM
HACBIITHOM peakTope W B MuKpopeaktope [32-37]. B
ATOM TIpollecce oOpasyeTcsi ra3oBasi cMech Ooraras BO-
JIOPOJIOM, KOTOpasi COACPIKUT METaH, IBYOKHUCH YIJIePO-
Jla 1 MOHOOKHUCH yriepona. [locienHsisi, Kak yIOMHHA-
JIOCh paHee, SIBISICTCS SIIOM JUISl KaTajau3aTopa TOILIMB-
HOrO JJieMeHTa. bbuila moka3aHa BBICOKash 3(PQEeKTHB-
HOCTh 3THX KaTaJlH3aTOPOB, YAAIOCh CHU3UTh COJCPIKa-
aue CO, ocoOeHHO Iy cMecel OIM3KUX K OMOATaHOITY.

MUHUMATBHOE COJEpKaHHE MOHOOKHCH YIiepoja
Habmonaercst s karanusatopa Ni/ZnO [35], kotopsiit
HEIJIOXO 3apEKOMEHIOBAN Ce0s MPU HM3YYCHUH HHU3KO-
TEMIIEPaTyPHOTO BOIHO-IIAPOBOTO pehOPMHHTA ITAHOJA
(SRE) [32—36] ¥ OKHCIMTEIBHOTO BOIHO-IIAPOBOIO Pe-
¢dopmunra sranoia (OSRE) [37].

3. 3KC]’lepl/lMeHTaJ'll)Haﬂ yacTtb

HccnenoBanus MpoBOJWIINCE B KBapIIEBOM MHUKpOpe-
aKTope (BHYTpPEHHHMI AMaMeTp 7 MM) Ha IIPOTOYHOH ycTa-
HOBKe, onucanHoi B [32]. PeakTop momerancs B TpyOya-
TYIO IIeUb C PE3UCTUBHBIM HArpeBOM, TeMIeparypa medu
peryaupoBajiack BbICOKOTOUHBIM PETYISITOPOM C TOYHO-
creio 1 °C. B skcriepiMeHTax MCHONB30BAICS PEKTUDH-
KaT 3TaHosa (CMeCh a3e0TPOIHOro cocraBa 95,6 mac.%
stanona u 4,4 mac.% BOJBI), HOTOK KOTOPOTO W3MEHSIICS
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ot 0,4 r/4 no 1,3 r/u. Pextudukar nomasaics B peakTop
MEPUCTATBTHYCCKIM HACOCOM CHAdYaja B MCIAPUTEIb, a
3aTeM B BHUIE ra3oBoil (a3el B peakTop. McToOuHHKOM
KHCJIOpO/a SBIISUICS BO3IYX, KOTOPBHIA IOZABAajICSI BO3-
JyITHBIM HACOCOM B PEaKTOp, M MOTOK KOHTPOIHUPOBAJICS
poramerpoM. COOTHOIIIEHHE KHUCIOPO/3TAaHOT B DKCIIEe-
pUMEHTaxX M3MEHsIIOCh B mHTepBajie ot 0,45 no 2.

HuxkeneBblil kaTanu3aTop MPUTOTOBISUICS MPOMUTKOM
MPOMBIIUICHHOTO TOPOIIKA OKCH/IA IIUHKA HUTPATOM HH-
KeJIsl B COOTBETCTBYIOLIMX KOJIMYECTBAX B TEUEHHE CYTOK.
3areM pacTBOP BBIMAPHBAICA W MPOKATHMBAICA IPU
500+550 °C B Teuenue 3+4 4 10 0Opa3oBaHMS OKCHIA
HUKEJA, KOTOPHI BOCCTAHABIHMBAJICS O METala B TOKE
BozopoJa npu temrepatrype 500 °C B teuenue 3+4 u. Co-
Jiep>kaHre HAaHECCHHOTO Ha OKCHII IIMHKA HHUKEI Omperie-
JSUIOCh XMMHYECKMM METOJIoM H cocTaBisuio 20 mac.%.
PeaxTop 3arpy»kaincst KaTaau3aTopoM B Konmdectse 1,2 T.
AHanu3 ra30Boil (a3bl OCYLIECTBISIICS HA Ta30BOM XPO-
matorpade “IIBer-500“. B kauecTBe AETEKTOpa MpHUMe-
HsIcA KatapomeTp. Mcmonp30BauCh TpU KOJNOHKH: C
MOJICKYJISIPHBIMU cUTaMH A5 (peructpanus BoJOpoja,
MeTaHa, MOHOOKCHJIa yriepoja) JUIMHON 2 M, C TOJH-
copbom-1 mmmHON 2 M (perucTpanus 3TaHONa, BOIBI H
areTaiberua) U ¢ aKTHBUPOBAaHHBIM YTJIEM (perucTpa-
U JBYOKUCH YTIIEpoAa) UIMHOW 1 M. DKCIeprMEHTHI
MPOBOIIIIACH TIPH aTMOC(EPHOM MJABICHHH C Ta30M-
HOCHUTENIeM (aproH WU Tenuil) u 0e3 rasa-Hocurens. B
MOCJIEeTHEM CIydae HOCHUTEIEeM SBIAJCS BO3IYX, KOTO-
pBIil CIIy’)KWJI OJJHOBPEMEHHO HCTOYHHUKOM KHCIOPOJa.
[ToTokHM Ta30BBIX NPOJYKTOB peopMHHTa U3MEPSITUCH C
MOMOIIBIO TIEHHHKA.

CreneHb KOHBEPCUH 3TAHONA (Xy1an05, MOT. %0)

(4)

— M (xom) ~" (BB1xon) x 100% ,

x3TaH0ﬂ
N (Bxom)

€ Nyyon — KOJMYIECTBO MOJICH ITAHONA HA BXOJC B peak-
TOP; Ngyixon — KOJIMYECTBO MOJICH ITAHOJA HA BBIXOJE U3
peKTopa.

CocTaB MpoayKTOB ra3oBoii Gassl (Sy, Mo, %)

22X % 100%, )

Se = 5

rae Ny — YKCIO MOJIEH KaKIoro M3 MpOAYKTOB (X = Hy,
CO, CO,, CHy); Zn,— cymma MoJIel BCeX POIYKTOB.
Boja He BKITIOUANach B pacyer.

4. Pe3ynbTaThl U UX 00CY KIeHHE

OCHOBHBIMU KOMIIOHCHTAMU T'a30BOM (a3bl SBISETCS
BOJOPOJ, METaH, MOHOOKCH]l U JIUOKcuA yriepona. Ha
puc. 1 mpuBeneHa 3aBUCHMOCTB COCTaBa Ta30BOU (a3l
OT TeMIlepaTyphl Kak ra3000pa3HbIX MPOAYKTOB TapIlH-

AIbHOTO OKUCIJIEHHSI STAHOJIA, TAK ¥ KOHIACHCUP YOI X~
Cs KOMIIOHEHTOB (3TaHOJ, areTanbiaerun). M3mepeH-
HBIE COJICPIKAHHS KOHICHCUPYIOIUXCS KOMIOHEHTOB
MOKa3alid, YTO KOHBEPCHS 3TAHOJA MPOTEKACT WHTCH-
cuBHO yxe npu Temnepatype 300 °C, a mpu 450 °C —
MPaKTUYECKU MOJHOCThIO. [IpH 3TOM OCTaTOK 3TaHONa
B razoBoii ¢a3ze cocrapmseT 1+1,5 06.%. Aneranpaerua
(7+8 06.%) Habmogaercs B ra3oBoii (ase 1o Temmepa-
Typhl 350 °C, manee OH OTCYTCTBYET B Ipe/eiax OIu0-
KU U3MEPEHUSI KAaTapOMETPOM.

x, 00.%

*

300 350 400 t°C 450

Puc. 1 — 3aBNCMMOCTb KOHLEHTPaLIMMN KOMIMIOHEHTOB ra3oBon
dasbl x (06%) oT Temnepatypsi t (°C) npu napumansHoM
oKucrneHun ataHona 6e3 raza-Hocutens (MOTok 3TaHona
0,55 r/uac; monsipHoe cooTHoweHne O,/C,HsOH = 1,5):

1—Hy; 2 - CHg; 3 - COy; 4 — C;Hs0H; 5 — C,H,O
Fig. 1 — The dependence of the concentration of the gas phase
components x (vol.%) on the temperature t (°C)

in the partial oxidation of ethanol without carrier gas. Mixture

flow is 0.55 g/hour. The molar ratio of oxygen/ethanol is 1.5:

1-Hy; 2 - CH4, 3- COz, 4 — CszOH, 5- CzHAO

Ha puc. 2—4 npuBeneHbl aHaNOTUYHbIE 3aBUCHMOCTH
coCTaBa Ta3oBOM (ha3bl OT TEMIEepaTypsl ISl APYTHX
cootHouieHuit kucnopon/stanon (0,45+2,0). Ha stux
PHCYHKaxX MpEACTaBICHbl TOJBKO Ta3000pas3HbIe IPO-
JIYKTBI MapLHHaIbHOTO OKHUCICHHS 3TAHOJIA.

Ha puc. 1-4 BHAHO, 4TO MEHSAETCS COOTHOIICHHE
pa3HbIX KOMIOHEHTOB ra30BOW CMECH B 3aBUCHMOCTH OT
COOTHOUICHHS KUCIOPOA/3TaHoI. [Ipu MONSpHOM COOT-
nortrennn O,/C,HsOH, pasrom 0,45 u 0,85, comeprxanue
BOJIOPO/Ia 3aMETHO OOJIbIle, YeM JAPYTUX KOMIIOHEHTOB,
HO B JlaJibHEHIIEM, IO Mepe YBEJIMUCHHSI COOTHOIICHHS
KUCIIOPO/I/3TaHOJI, KOHLEHTPALKs BOAOPOAa CTAHOBHUTCS
CpaBHMMa C KOHIIEHTpalnued auokcuaa yriepoaa (cm.
puc. 1) wmm naxxe Mensle (puc. 4).
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x, 00.%
60 1
40 +
3
20
2
4
O 1
300 350 t°C 400 450

Puc. 2 — 3aBnCMMOCTb KOHLEHTPaLIMN KOMMOHEHTOB ra3oBomn
(hasbl X (06.%) ot Temnepatypsbl t (°C) npy napumansHom
okucrneHun aTaHona (noTok ataHona 0,7 r/yac; MmonsipHoe

cooTHoleHne O,/ C:HsOH = 0,45; noTok aproHa 30 cM*/MuH.):
1—HZZ—CH43—COZ4—CO
Fig. 2 — The dependence of the concentration of the gas phase
components x (vol.%) on the temperature t (°C) in the partial
oxidation of ethanol. Mixture flow is 0.7 g/hour. The molar ratio

of oxygen/ethanol is 0.45. Carrier gas (argon) flow is 30 cm®min:

1—HZZ—CH43—COZ4—CO

x, 00.%
60 -

O 1 1 )

300 350 t,e.c 400 450

Puc. 3 — 3aB1CMMOCTb KOHLEHTPALMN KOMMOHEHTOB ra3oBoW
asbl x (06 %) oT Temnepatypsl t (°C) npu napumansHom
okucneHun aTaHona 6e3 rasza-Hocutens: (NOTOK aTaHona
1,28 r/uac; monspHoe cooTHowweHne O,/C,HsOH = 0,85):

1—H52—CH43—C054—CO
Fig. 3 — The dependence of the concentration of the gas phase
components x (vol.%) on the temperature t (°C) in the partial
oxidation of ethanol without carrier gas. Mixture flow
is 1.28 g/hour. The molar ratio of oxygen/ethanol is 0.85:
l—Hg, 2—CH4, 3—C02, 4-CO

x, 00.%
3
60 - —X
40 +
1
k /
20
2
f & —a
O 1 )
350 400 | oc 450

Puc. 4 — 3aBMCYMOCTb KOHLEHTPALIMN KOMMOHEHTOB ra3oBoW
dhasbl X (06%) oT Temnepatypsi t (°C) npy napumansHoM
oKkucneHun ataHona 6e3 raza-Hocutens (NOTOK aTaHoNa
0,58 r/uac; monsipHoe cooTHoweHne O,/ C,HsOH = 2,0):

1—H52—CHM3—C02
Fig. 4 — The dependence of the concentration of the gas phase
components x (vol.%) on the temperature t (°C) in the partial
oxidation of ethanol without carrier gas. Mixture flow
is 0.58 g/hour. The molar ratio of oxygen/ethanol is 2.0:
1-H; 2-CH4 3-CO;

MoHooKkceua yriiepojia HabIr0faeTcsl IPH MajloM Co-
oTHOIEHHH Kuciaopo/atanon (o 0,85) (cm. puc. 2 u 3).
IIpu stom kommuectBo CO npu 300 °C cocraBisieT 3Ha-
yuTeIbHYI0 BennuuHy (10 20 06.%), mo Mepe moBbIIIIe-
HHS TeMIIepaTypbl cHuxkaercsi, u ipu 450 °C ero gouist B
o01eM cocraBe ra3oBoil (a3el He mpeBbiniaeT 3 00.%.
IMpu GosblieM COOTHOMICHHH KHCIOPOA/3TaHod (cM.
puc. 1 u 4) B ra3oBoii (haze Bo Bcell uccie0BaHHON 00-
JIaCTHU TeMIIepaTyp MOHOOKCHJ yriepoja yke He oOHa-
pYXHBaeTcsi B Ipejenax OMNOKM H3MEpEeHHUs KaTapo-
METPOM.

KomnuecTBo aByokucH yriepopa B Ta3oBBIX IPO-
IykTax pedopmuHra Hapactaet ¢ 24 00.% 1o 65 06.%
IIPU YBEIUYEHUH COOTHOMICHUS KHCIIOPOJA/3TaHOJ OT
0,45 no 2,0.

Conepxanne mMetaHa coctasisier 30 00.%, HO cHH-
KAeTCs 10 Mepe YBEJIMUSHHUs] KOJIMYeCTBa KHCIOpOJa B
muTaromeii cmecu 10 6,0 00.%. DTO MOXHO OOBSICHUTH
OKHCJIEHHMEM MeTaHa KHCJOPOJIOM B IOTOKE MHUTAOLICH
CMECH, TPUBOJISIIUAM HPU 3TOM K 3HAYUTEIBHOMY POCTY
KOHLICHTPALMH JIBYOKUCH YTJIepoJia.

Bomopon Bo Bcex ciydasx OCTaeTcsi OCHOBHBIM
KOMIIOHEHTOM oOpasyromieiicss ra3oBoi ¢assl. [Ipu
temmneparype 450 °C copepxanue H, Haxoaurcst B MH-
tepBaie 35-55 00.%. [lageHne KOHIIEHTPAIIMK BOAOPO-
na 10 35 06.% o Mepe pocTa KoJIM4ecTBa KUCIOPOAa B
MUTAIOIIEH CMECH MPOMCXOAUT BCIIEACTBHE YBEIUYCHHS
COZIepIKaHusl IBYOKKCH YIJIepo/ia B MPOIYKTaX PeaKinu.
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Hammane B mpoaykrax peopMHUHTa METaHAa U MOHO-
OKCH[a yTiIepoJa yKa3blBaeT Ha TO, YTO, KaK U B CIlydae
BOJIHO-TIAPOBOTO pedopMUHra 3TaHOJA, HA9aJbHOH cTa-
el TIporiecca SBISIETCS OKHCICHHWE STaHOJA J0 arle-
TaJlp/IeTUa, KOTOPBIA 3aTeM pasjaraercs Ha MeTaH U
MOHOOKCHJ yTJiepoja:

C2H5OH — C2H4O + H2 — CH4 +CO + Hz. (6)

Ha puc. 2 ObU10 BHJHO, YTO NPU COOTHOIICHHU KH-
cinopoa/stanon, pasHom 0,45, cootnomenne Hy/CO mpu
pocte temmnepatypsl oT 300 °C no 450 °C yBenuyuBaer-
cs B 68 pa3. Ilpu stom cootHomenue H,/CO, ymeHb-
maercss oT 16,5 mo 2,2, 4To O3HA4yaeT 3HAYMUTENIbHBIN
pocT conepkaHUs ABYOKHCH yriepona. [loMmumo storo,
HaOmromaeTcst pe3kuit poct cootHorreHus: CO,/CO. Ilpu
VBEJIIMYCHUN TIOTOKAa KHCIOpOAa B IHTAIOIIEH cMecH
Habmonaetcs (cM. puc. 1 u 4) npeBblllIcHHE COePIKAHMS
JIBYOKHCH Yrliepoja Haj COAEp)KaHWeM BOAOpOJa MpH
MOJIHOM OTCYTCTBMM MOHOOKCHIA yTJIepoja B NPOAYK-
Tax peopMHUHTa.

f, cM3/MunH

0

300 450

Puc. 5 — 3aBMCMMOCTL 06beMa rasoBbIx NPOAYKTOB f (cM*/MuH)
npuv NapumanbHOM OKUCIIEHUN 3TaHona oT Temnepatypbl t(°C)
0e3 rasa-HocuTens:: (noTok ataHona 1,28 r/uac; monspHoe
cooTHoueHne O,/ C,HsOH = 0,85):
1-Hz 2-CH4 3-C0O2 4-CO
Fig. 5 — The gas products volume dependence f (cm*min)
in the partial oxidation of ethanol on the temperature t (°C)
without carrier gas. Mixture flow is 1.28 g/hour. The molar ratio
of oxygen/ethanol is 0.85: 1 — H,, 2 — CH,, 3— CO,, 4 - CO

Ha puc. 5 npuBenensl pe3ysbTaThl W3MepeHUil pe-
IBHBIX TIOTOKOB I'a3000pa3HbIX MPOAYKTOB pedopMHIHTa
Ha BBIXOJIE M3 pEaKTopa JUIl COOTHOIICHHS KHCIO-
pox/stanon 0,85. Ha aToM pucyHKe BHIHO, YTO MOTOKH
MeTaHa U JBYOKHCH yriaepoaa B 1,5 pa3za MeHbllIe IOTOKA
Bozoposa. IToTok MOHOOKHCH YTJIepoa ¢ pOCTOM TEM-
mepaTypsl yMEHbIIAeTcs B 3 paza W IpU TeMIleparype
450 °C cocrasster 0,65 cm*/MuH, 4To B 15+17 pa3 MeHbIIe
MOTOKa BOJIOPO/Ia TIPU 3TOM TemnepaTrype. MakcumallbHbIN

moToK Bomopozaa mpu temmeparype 400+450 °C pasen
11 CM3/MI/IH, YTO O3HAadYaeT BBIXOA | Moyt Bomopoaa Ha
1 Monp 3TaHONa. DTO 3HAYCHHE B J[BAa pa3a HIDKE, YeM B
pabotax [32—36] 1o BoaHO-TIAPOBOMY peOPMHUHTY ITa-
HOJIa, OJHAKO JOCTATOYHO [UIS TNHTAHHUS TOTUTUBHBIX
3JIEMEHTOB HEOOJIBINION MOIHOCTH. Pacuer mokasait, 4ro
B TIpe/ieiax OIMMOKH U3MEPEHUi OaaHe MO BOJOPOAY H
yriaepoay coBmagaeT ¢ TOYHOCThIO0 10 %. OTo yka3bpiBaeT
Ha TO, YTO B JKCICPHUMEHTAX 3a()UKCHPOBAHBI BCE KOM-
MOHEHTHI MPOYKTOB pehOPMHUHTA.

5. 3akai0uenne

PaspaboTanHbIil paHee HUKENEBBI KaTalu3aTop, Ha-
HECCHHBI HA OKCHUJI IIMHKA, HMEET BBICOKYIO 3(h()eKTHB-
HOCTH TIPY MTAPIHAIEHOM OKHCICHUH 3TAaHOJA B OOJNACTH
HU3KHUX TEMIICPATYpP. OCHOBHI)IMI/I OpoAYyKTaMu 3TOro
mpoIriecca ABJSIFOTCS BOAOPO/I, METaH, MOHOOKHUCH U JIBY-
OKHCBH YTJIepoa.

[Ipy HHU3KOM MOJSPHOM COOTHOIICHHH  KHUCJIO-
poa/atanon (0,45 u 0,85) B muTaromiei cMecu B MPOAYK-
TaXx pedopMHHTa HaONIOmaeTcs 3HAYUTEIHHOE KOJMYe-
CTBO MOHOOKHCH YTJIEpOJa, KOTOpPOE TpPH IOBBIIICHUU
TEeMIepaTypbl OBICTPO CHIDKACTCS W TIPH TeMIIEpaType
450 °C ne mpesrmaet 3 00.%. [Ipu BEICOKOM MOJISIPHOM
cooTHoureHnu kuciopoa/stanon (1,2+2,0) B nuraroieit
CMECH HaJW4ie MOHOOKHCH YTJIIepona B MPOIYKTaX pe-
¢dbopMHHra He HAOJIOAeTCS BO BCEH MCCIICIOBAHHOU
00JacTH TeMmImeparyp B Mpeleiax OIIHOKH H3MEpPCHHUS
KaTtapoMeTpOM.

Hannumne merana B mpoaykTax pedopMUHra yKasbl-
BaeT Ha TO, YTO HAYAJIBHOU CTaJMEH MpoIecca sIBIICTCS
OKHCJIEHHE TaHOJIa JIO0 alleTalbJIeTH/Ia C MOCIEAYIOIUM
pa3IokKeHUEeM TOCIICAHET0 HA METaH U MOHOOKHCH yTJIe-
pona.

[IpakTH4ecku MOTHOE OTCYTCTBHE BOJIBI B IUTAIOIICH
CMECH TIPHUBOJAUT K OTCYTCTBHIO MHU(T-peakuund. MoHO-
OKHCH YTIIEpOJia MPH 3TOM OKHCIISAETCS KHUCIOPOIOM JIO
IIByOKUCH yriiepona. [IoHmkeHHOe colepKaHne MeTaHa
TAaKXE MOXET 6BITI) O6’I)$[CH€HO YaCTUYHBIM €0 OKHUCJIC-
HHEM JI0 JIBYOKHCH YTrJepoja, 4TO OOBSICHIET BBICOKOE
COJIepKaHUE TIOCIICAHEr0 B MPOAYKTax pedopMunra.

bnazooapnocmu
Paboma ewvinonnena no zocyoapcmeennomy 3adanuio Ne
007-00220-18-00.

Acknowledgments
The work was performed according to the state task num-
ber 007-00220-18-00.

CHnucok 1uTepaTypsl

[1] Edwards, P.P. Hydrogen and fuel cells: Towards a
sustainable energy future / P.P. Edwards [et al.] // Energy
Policy. — 2008. — Vol. 36. — N. 12. — P. 4356-4362.

[2] Frusteri, F. Hydrogen production by reforming of
bio-alcohols / F. Frusteri, G. Bonura // Compendium of
Hydrogen Energy. — Woodhead Publishing, 2015. — P.
109-136.

International Scientific Journal for
Alternative Energy and Ecology
© Scientific Technical Centre «TATA», 2000-2019

¥

U SQU\XELE (300-302)

Ne 16-18 MexayHapoAHbI Hay4HbIN XypHan
«AnbTepHaTUBHasA 3HepreTUKa v aKONOrmsa»

2019 © Hay4yHo-TexHn4eckui LieHTp « TATA», 2000-2019

A7,

sPace

-

MexdyHapodHbil uzdamensckul dom Hay4yHol nepuoduku “Cnedc”

S
LN



NV

sePace

International Publishing House for scientific periodicals “Space”

N

BopgopoagHas akoHomuka. BodopodHasi akoHoMuka. MeToabl monyveHns Bogopoaa

[3] Llorca, J. Hydrogen from Bioethanol / J. Llorca
[et al.]. — Renewable Hydrogen Technologies. — Elsevier
Science, 2013. — P. 135-169.

[4] Contreras, J.L. Catalysts for H, production using
the ethanol steam reforming (a review) / J.L. Contreras
[et al.] // Int. J. Hydrogen Energy. — 2014. — Vol. 39. —
No. 33. - P. 18835-18853.

[5] Hou, T. Hydrogen production from ethanol re-
forming: Catalysts and reaction mechanism / T. Hou [et
al.] // Renewable and Sustainable Energy Reviews. —
2015. - Vol. 44. — P. 132-148.

[6] Nikolaidis, P. A comparative over view of hydro-
gen production processes / P. Nikolaidis, A. Poullikkas //
Renewable and Sustainable Energy Reviews. — 2017. —
Vol. 67. — P. 597-611.

[7] Khila, Z. A comparative study on energetic and
exergetic assessment of hydrogen production from bioe-
thanol via steam reforming, partial oxidation and auto-
thermal reforming processes / Z. Khila [et al.] // Fuel
Processing Technology. — 2013. — Vol. 112. — P. 19-27.

[8] Schmal, M.Drifts and TPD Analyses of Ethanol
on Pt Catalysts Over Al,O; and ZrO,—Partial Oxidation
of Ethanol / M. Schmal [et al.] // Can. J. Chem. Eng. —
2011.-Vol. 89. - No. 5. - P. 1166-1175.

[9] Lima, S.M. de Steam reforming, partial oxidation,
and oxidative steam reforming of ethanol over
Pt/CeZrO, catalyst / S.M. de Lima [et al.] // J. of Cataly-
sis. — 2008. — Vol. 257. — No. 2. — P. 356-368.

[10] Salge, J.R. Catalytic partial oxidation of etha-
nol over noble metal catalysts / J.R. Salge [et al.] // J. of
Catalysis. — 2005. — Vol. 235. — No. 1. — P. 69-78.

[11] Toth, M. Partial oxidation of ethanol on sup-
ported Rh catalysts: Effect of the oxide support / M.
Toéth [et al.] // J. of Molecular Catalysis A: Chemical. —
2016.—Vol. 411. - P. 377-387.

[12] Hebben, N. Catalytic partial oxidation of etha-
nol on alumina-supported rhodium catalysts: An experi-
mental study / N. Hebben [et al.] // Applied Catalysis A:
General. — 2010. — Vol. 388. — No. 1/2. — P. 225-231.

[13] lulianelli, A. Partial oxidation of ethanol in a
membrane reactor for high purity hydrogen production /
A. lulianelli [et al.] // Int. J. Hydrogen Energy. — 2010. —
Vol. 35. — No. 22. — P. 12626-12634.

[14] Koehle, M. Microkinetic modeling and analy-
sis of ethanol partial oxidation and reforming reaction
pathways on platinum at short contact times / M. Koehle,
A. Mhadeshwar // Chem. Eng. Sci. — 2012. — Vol. 78. —
P. 209-225.

[15] Al-Hamamre, Z. Hydrogen production by
thermal partial oxidation of ethanol: Thermodynamics
and kinetics study / Z. Al-Hamamre, M.A. Hararah // Int.
J. Hydrogen Energy. — 2010. — Vol. 35. — N. 11. - P.
5367-5377.

[16] Wang, W. Thermodynamic analysis of hydro-
gen production via partial oxidation of ethanol / W.
Wang, Y. Wang // Int. J. Hydrogen Energy. — 2008. —
Vol. 33. — No. 19. — P. 5035-5044.

[17] Guarido, C.E.M. Ethanol reforming and par-
tial oxidation with Cu/Nb,Os catalyst / C.E.M. Guarido

[et al.] // Catalysis Today. — 2009. — Vol. 142. — No. 3/4.
—P. 252-257.

[18] Rodrigues, C.P. Nickel-alumina washcoating
on monoliths for the partial oxidation of ethanol to hy-
drogen production / C.P. Rodrigues, M. Schmal // Int. J.
Hydrogen Energy. — 2011. — Vol. 36. — No. 17. — P.
10709-10718.

[19] Kraleva, E. Support effects on the properties
of Co and Ni catalysts for the hydrogen production from
bio-ethanol partial oxidation / E. Kraleva [et al.] / Int. J.
Hydrogen Energy. — 2013. — Vol. 38. — No. 11. — P.
4380-4388.

[20] Rodrigues, C.P. Partial oxidation of ethanol
over cobalt oxide based cordierite monolith catalyst /
C.P. Rodrigues [et al.] // Applied Catalysis B: Environ-
mental. — 2010. — Vol. 96. — No. 1/2. — P. 1-9.

[21] Kraleva, E. Catalytic performance of CoAlZn
and NiAlZn mixed oxides in hydrogen production by bio-
ethanol partial oxidation / E. Kraleva [et al.] // Int. J. Hy-
drogen Energy. — 2014. — Vol. 39. — No. 1. — P. 209-220.

[22] Gomez-Cuaspud, J.A. Effect of metal oxides
concentration over supported cordierite monoliths on the
partial oxidation of ethanol / J.A. Goémez-Cuaspud, M.
Schmal // Applied Catalysis B: Environmental. — 2014. —
Vol. 148. — P. 1-10.

[23] Carotenuto, G. Hydrogen production by etha-
nol decomposition and partial oxidation over cop-
per/copper-chromite based catalysts prepared by com-
bustion synthesis / G. Carotenuto [et al.] // Catalysis To-
day. —2013. — Vol. 203. - P. 163-175.

[24] Rodrigues, C.P. Structured Reactors as an Al-
ternative to Fixed-bed Reactors: Influenceof catalyst
preparation methodology on the partial oxidation of
ethanol / C.P. Rodrigues [et al.] // Catalysis Today. —
2016. - Vol. 273. - P. 12-24.

[25] Hidalgo, J.M. (V)/Hydrotalcite, (V)/Al,O3,
(W)ITIO, and (V)/SBA-15 catalysts for the partial oxida-
tion of ethanol to acetaldehyde / J.M. Hidalgo [et al.] // J.
of Molecular Catalysis A: Chemical. — 2016. — Vol. 420.
—P.178-189.

[26] Behravesh, E. Experimental and modelling
study of partial oxidation of ethanol in a micro-reactor
using gold nanoparticles as the catalyst / E. Behravesh [et
al.]// Chem. Eng. Sci. — 2018. — Vol. 176. — P. 421-428.

[27] Alberton, A.L. Carbon formation and its in-
fluence on ethanol steam reforming over Ni/Al,O; cata-
lysts / A.L. Alberton [et al.] // Catalysis Today. — 2007. —
Vol. 123. — No. 1/4. — P. 257-267.

[28] Homs, N. Low-temperature steam-reforming
of ethanol over ZnO-supported Ni and Cu catalysts The
effect of nickel and copper addition to ZnO-supported
cobalt-based catalysts / N. Homs [et al.] // Catalysis To-
day. — 2006. — Vol. 116. — No. 3. — P. 361-366.

[29] Noronha, F.B. The role of Ni on the perfor-
mance of automotive catalysts: evaluating the ethanol
oxidation reaction / F.B. Noronha [et al.] // Catalysis
Today. —2003. — Vol. 85. — No. 1. - P. 13-21.

[30] Lima, S.M. de Study of catalyst deactivation
and reaction mechanism of steam reforming, partial oxi-

International Scientific Journal for
Alternative Energy and Ecology
© Scientific Technical Centre «TATA», 2000-2019

# ISIAEE &3
34

MexayHapoaHbI Hay4HbIM XXypHan
«AnbTepHaTMBHasA 3HepreTMKa U 3KONOrusa»

19 © HayuHo-TexHuu4eckui LeHTp « TATA», 2000-2019

1
A7,

-

SPACE

MexdyHapoOdHbIt uzdamensckul dom Hay4yHol nepuoduku “Cnedc”

~
LN



1
A7,

-~

-
N

SPACE
LN

International Publishing House for scientific periodicals “Space”

JlanuH H.B., NpuHbko B.B., bexok B.C., BamkuH A.®. Hu3koTeMmnepaTypHOe napumanbHOe OKUCNeHe aTaHona...

dation, and oxidative steam reforming of ethanol over
Co/CeO, catalyst / S.M. de Lima [et al.] // J. of Cataly-
sis. —2009. — Vol. 268. — No. 2. — P. 268-281.

[31] Llorca, J. CO-free hydrogen from steam-
reforming of bioethanol over ZnO-supported cobalt cata-
lysts: Effect of the metallic precursor / J. Llorca [et al.] //
Applied Catalysis B: Environmental. — 2003. — Vol. 43.
—No. 4. — P. 355-3609.

[32] Jlanun, H.B. TlonyueHnue Bomoponma Katamu-
THUYECKUM MTHPOJIM30M STaHOJIA Ha HUKEJICBOM KaTain3a-
tope / H.B. Jlammu [et al.] // KDX. — 2009. — T. 83. —
No. 10. - C. 1-5.

[33] Jlanmmu, H.B. HuskoremmeparypHsiii pedop-
MUHT 3TaHOJIa Ha HHUKeIb-MeTHOM Kartamm3atope / H.B.
Jlammun, B.C. Bexox // KITX. — 2011. — T. 84. — No. 6. —
C. 983-987.

[34] Jlanuu, H.B. ITony4enue Bogopoa Uis MUTa-
HHS TOIUTMBHBIX 3JIEMEHTOB HHU3KOTEMIIEPATYPHOU KOH-
Bepcueld oSTaHona Ha KaTtainuzatopax Ni/ZnO u Ni-
Cu/ZnO / H.B. Jlanus [et al.] / )KIIX. — 2014. — T. 87. —
No. 5. - C. 619-623.

[35] Jlanun, H.B.BeiGop HOcuTens Karamuzaropa
JUIsL CHUDKCHUSI COAEPKaHHsA MOHOOKHCH YIJIepona IpH
pedopmunre 3Tanona / H.B. Jlanun [et al.] / MexmyHa-
POMHBIA HAYYHBII )XypHAIl «AJIBTCpHATUBHAS YHEPIETH-
ka u sxomorus» (ISJAEE). — 2015, — T. 185. — Ne 21. —
C. 216-221.

[36] TI'punbko, B.B. HuzkoTemmeparypHas BOIHO-
napoBasi KOHBEpCHsI 3TaHoJia Ha katanu3arope Ni/ZnO B
MHUKpoKaHaibHOM peakrope / B.B. I'punbko [et al.] //
MexayHapoIHBI Hay4YHBIM >KypHal «AJIbTepHATHBHAs
suepretuka u 3xkonorus» (ISJAEE). — 2016. — T. 203. —
Ne 15-18. — C. 112-121.

[37] Jlanun, H.B. Tlomy4enue BOmOpoja HH3KO-
TEeMIEPaTYPHBIM OKUCIHMTEIBHBIM BOJIHO-NIAPOBBIM pe-
(opmuHTrOM 3TaHONA Ha Katammsatope Ni/ZnO / H.B.
Jlamma [et al.] // MexmyHapOIOHBIH Hay4dHBIH JKypHAI
«AnbTepHaTUBHAs dHEpreTuka u xosnorus» (ISJAEE). —
2019. - T.291-293. — Ne 7-9. — C. 62-72.

Reference

[1] Edwards P.P., Kuznetsov V.L., David W.IL.F,,
Brandon N.P. Hydrogen and fuel cells: Towards a sus-
tainable energy future. Energy Policy,
2008;36(12):4356-4362.

[2]  Frusteri F., Bonura G. Hydrogen production
by reforming of bio-alcohols. Compendium of Hydro-
gen Energy, Chapter 3, Woodhead Publishing, 2015;
pp.109-136.

[3] Llorca J., Corberan V. C., Divins N.J. , Fraile R.
0., Taboada E. Hydrogen from Bioethanol. Renewable
Hydrogen Technologies, Chapter 7, Elsevier Science,
2013; pp.135-169.

[4] Contreras J.L., Salmones J., Colin-Luna J.A., Nu-
no L., Quintana B., Cordova I., Zeifert B., Tapia C., Fu-
entes G.A. Catalysts for H, production using the ethanol
steam reforming (a review). Int. J. Hydrogen Energy,
2014;39(33):18835-18853.

[5] Hou T., Zhang S., Chen Y., Wang D., Cai W.
Hydrogen production from ethanol reforming: Catalysts
and reaction mechanism. Renewable and Sustainable
Energy Reviews, 2015;44:132-148.

[6] Nikolaidis P., Poullikkas A. A comparative over
view of hydrogen production processes. Renewable and
Sustainable Energy Reviews, 2017;67:597-611.

[7] Khila Z., Hajjaji N., Pons M-N., Renaudin V.,
Houas A. A comparative study on energetic and exerget-
ic assessment of hydrogen production from bioethanol
via steam reforming, partial oxidation and auto-thermal
reforming processes. Fuel Processing Technology,
2013;112:19-27.

[8] Schmal M., Cesar D.V., Souza M.M.V.M., Gua-
rido C. E.M. Drifts and TPD Analyses of Ethanol on Pt
Catalysts Over Al,O; and ZrO,—Partial Oxidation of
Ethanol. Can. J. Chem. Eng., 2011;89(5):1166-1175.

[9] Lima S.M. de, Cruz 1.O. da, Jacobs G., Davis B.
H., Mattos L. V., Noronha F. B. Steam reforming, partial
oxidation, and oxidative steam reforming of ethanol over
Pt/CeZrO, catalyst. J. of Catalysis, 2008;257(2):356—368.

[10] Salge J.R., Deluga G.A., Schmidt L.D. Cata-
lytic partial oxidation of ethanol over noble metal cata-
lysts. J. of Catalysis, 2005;235(1):69-78.

[11] Toéth M., Varga E., Oszko A., Baan K., Kiss
J., Erdohelyi A. Partial oxidation of ethanol on supported
Rh catalysts: Effect of the oxide support. J. of Molecular
Catalysis A: Chemical, 2016;411:377-387.

[12] Hebben N., Diehm C., Deutschmann O. Cata-
Iytic partial oxidation of ethanol on alumina-supported
rhodium catalysts: An experimental study. Applied Ca-
talysis A: General, 2010;388(1-2):225-231.

[13] lulianelli A., Liguori S., Calabro V., Pinacci
P., Basile A. Partial oxidation of ethanol in a membrane
reactor for high purity hydrogen production. Int. J. Hy-
drogen Energy, 2010;35(22):12626-12634.

[14] Koehle M., Mhadeshwar A. Microkinetic
modeling and analysis of ethanol partial oxidation and
reforming reaction pathways on platinum at short contact
times. Chem. Eng. Sci., 2012;78:209-225.

[15] Al-Hamamre Z., Hararah M.A. Hydrogen
production by thermal partial oxidation of ethanol:
Thermodynamics and kinetics study. Int. J. Hydrogen
Energy, 2010;35(11):5367-5377.

[16] Wang W., Wang Y. Thermodynamic analysis
of hydrogen production via partial oxidation of ethanol.
Int. J. Hydrogen Energy, 2008;33(19):5035-5044.

[17] Guarido C.E.M., Cesar D.V., Souza M.V.M.,
Schmal M. Ethanol reforming and partial oxidation with
Cu/Nb,Os catalyst. Catalysis Today, 2009;142(3—
4):252-257.

[18] Rodrigues C.P., Schmal M. Nickel-alumina
washcoating on monoliths for the partial oxidation of
ethanol to hydrogen production. Int. J. Hydrogen Ener-
gy, 2011;36(17):10709-10718.

[19] Kraleva E., Sokolov S., Schneider M., Ehrich H.
Support effects on the properties of Co and Ni catalysts for
the hydrogen production from bio-ethanol partial oxidation.
Int. J. Hydrogen Energy, 2013;38(11):4380-4388.

International Scientific Journal for
Alternative Energy and Ecology
© Scientific Technical Centre «TATA», 2000-2019

2 ISIAEE oo

MexayHapoAHbI Hay4HbIN XypHan
«AnbTepHaTUBHasA 3HepreTUKa v aKONOrmsa»

2019 © Hay4yHo-TexHn4eckui LieHTp « TATA», 2000-2019

1
(7,

-~

sePace

MexdyHapodHbil uzdamensckul dom Hay4yHol nepuoduku “Cnedc”

S
LN



NV

SPACE

International Publishing House for scientific periodicals “Space”

N

BopgopoagHas akoHomuka. BodopodHasi akoHoMuka. MeToabl monyveHns Bogopoaa

[20] Rodrigues C.P., Silva V.T. de, Schmal M.
Partial oxidation of ethanol over cobalt oxide based cor-
dierite monolith catalyst. Applied Catalysis B: Environ-
mental, 2010;96(1-2):1-9.

[21] Kraleva E., Sokolov S., Nasillo G., Bentrup
U., Ehrich H. Catalytic performance of CoAlZn and
NiAlZn mixed oxides in hydrogen production by bio-
ethanol partial oxidation. Int. J. Hydrogen Energy,
2014;39(1):209-220.

[22] Gomez-Cuaspud J.A., Schmal M. Effect of
metal oxides concentration over supported cordierite
monoliths on the partial oxidation of ethanol. Applied
Catalysis B: Environmental, 2014;148:1-10.

[23] Carotenuto G., Kumar A., Miller J., Mukasyan
A., Santacesaria E., Wolf E.E. Hydrogen production by
ethanol decomposition and partial oxidation over cop-
per/copper-chromite based catalysts prepared by combus-
tion synthesis. Catalysis Today, 2013;203:163-175.

[24] Rodrigues C.P., Kraleva E., Ehrich H., No-
ronha F.B. Structured Reactors as an Alternative to
Fixed-bed Reactors: Influenceof catalyst preparation
methodology on the partial oxidation of ethanol. Cataly-
sis Today, 2016;273:12-24.

[25] Hidalgo J.M., Tisler Z., Kubicka D., Raabova
K., Bulanek R (V)/Hydrotalcite, (V)/Al,O3 (V)/TIO,
and (V)/SBA-15 catalysts for the partial oxidation of
ethanol to acetaldehyde. J. of Molecular Catalysis A:
Chemical, 2016;420:178-189.

[26] Behravesh E., Kilpié T., Russo V., Erdanen K.,
Salmi T. Experimental and modelling study of partial
oxidation of ethanol in a micro-reactor using gold nanopar-
ticles as the catalyst. Chem. Eng. Sci., 2018;176:421-428.

[27] Alberton A.L., Souza M.M.V.M., Schmal M.
Carbon formation and its influence on ethanol steam
reforming over Ni/Al,O; catalysts. Catalysis Today,
2007;123(1-4):257-267.

[28] Homs N., Llorca J., Piscina P.R. de la Low-
temperature steam-reforming of ethanol over ZnO-
supported Ni and Cu catalysts The effect of nickel and
copper addition to ZnO-supported cobalt-based catalysts.
Catalysis Today, 2006;116(3):361-366.

[29] Noronha F.B., Durao M.C., Batista M.S., Ap-
pel L.G. The role of Ni on the performance of automo-
tive catalysts: evaluating the ethanol oxidation reaction.
Catalysis Today, 2003;85(1):13-21.

[30] Lima S.M. de, Silva A.M. da, Costa L.O.O.
da, Graham U.M., Jacobs G., Davis B.H., Mattos L.V.,
Noronha F.B. Study of catalyst deactivation and reaction
mechanism of steam reforming, partial oxidation, and

oxidative steam reforming of ethanol over Co/CeQO, cata-
lyst. J. of Catalysis, 2009;268(2):268-281.

[31] Llorca J., Piscina P.R. de la, Dalmon J-A.,
Sales J.,, Homs N. CO-free hydrogen from steam-
reforming of bioethanol over ZnO-supported cobalt cata-
lysts: Effect of the metallic precursor. Applied Catalysis
B: Environmental, 2003;43(4):355-369.

[32] Lapin N.V., Redkin A.N., Bezhok V.S,
Vyatkin A.F. Production of hydrogen by catalytic pyro-
lysis of ethanol on a Nickel catalyst (Poluchenie vodoro-
da kataliticheskim pirolizom etanola na nikelevom kata-
lizatore). Russian Journal of Physical Chemistry A: Fo-
cus on Chemistry, 2009;83(11):1855-1859.

[33] Lapin N.V., Bezhok V.S. Low-temperature re-
forming of ethanol on Nickel-copper catalyst (Nizko-
temperaturnyi reforming etanola na nikel'-mednom kata-
lizatore). Russian Journal of Applied Chemistry,
2011;84(6):1007-1011.

[34] Lapin N.V., Bezhok V.S., Vyatkin A.F. Hy-
drogen production for fuel cell supply by low-
temperature ethanol conversion on Ni/ZnO and Ni-
Cu/ZnO catalysts (Poluchenie vodoroda dlya pitaniya
toplivnykh elementov nizkotemperaturnoi konversiei
etanola na katalizatorakh Ni/ZnO i Ni-Cu/ZnQO). Russian
Journal of Applied Chemistry, 2014,;87(5):608-612.

[35] Lapin N.V., Bezhok V.S., Grinko V.V,
Vyatkin A.F. The choice of catalyst substrate to reduce
the content of carbon monoxide in the reforming of
ethanol (Vybor nositelya katalizatora dlya snizheniya
soderzhaniya monookisi ugleroda pri reforminge etano-
la). International Scientific Journal for Alternative
Energy and Ecology (ISJAEE), 2015;(21);216-221 (in
Russ.).

[36] Grinko V.V., Bezhok V.S., Lapin N.V.,
Vyatkin A.F. Low-temperature water-steam ethanol
conversion on Ni/ZnO catalyst in microchannel reactor
(Nizkotemperaturnaya vodnoparovaya konversiya etano-
la na katalizatore Ni/ZnO v mikrokanal'nom reaktore).
International Scientific Journal for Alternative Energy
and Ecology (ISJAEE), 2016;(15-18);112-121 (in
Russ.).

[37] Lapin N.V., Grinko V.V., Bezhok V.S,
Vyatkin A.F. Hydrogen production by low-temperature
oxidative water-steam ethanol reformingon Ni / ZnO
catalyst (Polucheniye vodoroda nizkotemperaturnym
okislitel'nym vodno-parovym reformingom etanola na
katalizatore Ni/ZnO). International Scientific Journal for
Alternative Energy and Ecology (ISJAEE), 2019;(7-
9);62-72 (in Russ.).

Tpancrumepayus no BSI

[l
TATA
O

International Scientific Journal for
Alternative Energy and Ecology
© Scientific Technical Centre «TATA», 2000-2019

# ISIAEE &3

MexayHapoaHbI Hay4HbIM XXypHan
«AnbTepHaTMBHasA 3HepreTMKa U 3KONOrusa»

19 © HayuHo-TexHuu4eckui LeHTp « TATA», 2000-2019

1
A7,

sPace

MexdyHapoOdHbIt uzdamensckul dom Hay4yHol nepuoduku “Cnedc”

~
LN



