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Evyapioricc

Me 1 Olekmepaimon TOV VITOYPEDGEMY HOV OCOV aPopd TNV ToPOVoH
Adoktopikn)  Awrpi], oAokAnpovetor €va  peydAo kepdioto g CoMg  pov.
OAloxkAnpodvovtog ovtd To Koppdtt ¢ (ong Hov, vidmbm v avdykn vo evyopioTiom UE
OAN LOL TNV KOPILH TOVG 0VOPMTOVG TOV GTAONKAV KOVTIA LOV.

Koatapyds, 6o 10eha va evyopiotiowm and to Béon g kapdidg pov tov Kabnyntm
Ap Koota N. Koota, yuo v dyoyn ovvepyacio pog 6o avtd ta ypovia. Xwpig tnv
O0LGLOGTIKY KOO0 YNON TOV, TNV VITOUOVN TOV, TNV ETUOVH OALAL KLPI®G TNV KATOvVON o
Tov dgv Ba eiyav yivel TOAAG amd Ta TPAYHATO TOV OONYNCOV GE VTN TNV OTPIPN GAA
Kot oTn SLOHOPP®GCT) TOV EMIGTNLOVIKOD LoV yopoktipa. o 0eha emiong vo eKppaom
™MV anepldploTn EKTIUNOM HOL Yoo TN HEYOAN KoTtavonomn mov emedeile 1060 o€
EMOTNUOVIKA OGO Kol 6€ ovOpomoTIKd BEpata KoTd T OdpKeln TG GLVEPYOGIOG WO,
"Exo v menoifnon 6t 1 cvvepyaoia pog nrov kaboia apiot.

Evyapiotod emiong Oeppd tov Kabnynm Ap lwdvvn Ilaocyaiidn tov Tunmpartog
Xnuetog tov IMavemommpuiov Kodmpov ko tov Kabdnynmm Ap Niko Koroyepdxn tov
Tunuatog Mnyavikng IlepiBdAirovrog tov [Toivteyveio Kpnmng yia v guyevny amodoyn
T0VG Vo cuppeTdoyovv otnv E&etactikny Emrpony).

‘Eva peydro guyapiotod opeidm otoug Ap T'opyo Orvpumriov kot Ap [Tétpo ZapPa yia
oA v PonBeta kot Tig TOAVTIHES GLUPOVAEG TTOV LoV E01vaY OAO OWTO TOV KalpO.

Ytov adelewd pov ¢ido Ap Xpiotddovio ®Oegoroyidn, m moivTyun Ponbewa, ot
GLUPBOVAEG 01 cLINTNOELS HOG, TO YEALO O, LOV £0(CAV TO KOVPAYLO VO GUVEXIGM Kot VL.
TO KOTAPEP .

Agv Ba pmopovoa va Egxbow T cuvadédpovg pov Xapovia Ilickomoavov,
Boaosuukn) Xoatliwvd kot ta Kopitola Tov gpyastnpiov yio v ToAD KoAn cuvepyacia Tov
elyape Kot yio Tnv moAvTiun fonfeta Tov Hov TPocEPePaV.

Avtd oV £Y® Vo TO Y100 TOLG YOVEIS Lov, dev ek@palovtal pe Adylo Kot Ogv EEPM
oV UTOPOVV VO YPOPTOVV GE UEPIKEG KOAAEG yopTl. Xtov matépa pov [dvvo ko ot
untépa pov Kovia, ta Aoyta ivor @Toyd Yo va Teptypdyovy ) d10pK1 TOLG VTOGTNPIEN
KOl DITOUOVT], TOV EMETPEYE TNV EMTLYN OLEKTEPOUIMOY] TOV CTOLODV HLOL KOl Yo TNV
AmEPLOPLOTN OYATN, 1O104TEPN PPOVTION, GUUPOVAES Kol OywYT OV LoV £dMGAV OAM QVTE
ta ypdvia. Tovg evyaploTd Yo AN 0G0 LLOV TPOGEPEPOY LEYPL CUEPO OAAG KO YU aLTA
oL cvveyilovv va pov mtpocsepépovv. EATI{m Kamote va KatapEépw Vo TPOcOEP® EGT® Kot

T UGG omd OCA LoV TPOGPEPOTE EGELG OTO KO OV TOLdL. L0 EVYAPIOTA KO GOG Oy OTTdd



TOAV. XToV a0eAPO pov Avipéa, pio KOLBEVTA GOV €ivol OPKETN Y10 VO LoV ODGEL OAN TN
dvvapn mov ypetdlopat.

Téhog, €va peydlo evxoploTd eivor TOAD Alyo Yo vo EKOPAGEL TO, st [Lov
TPOG TOV GUVIPOPO LoV ZTLALVO Kol 6T KPR pog MeAiva, ot omoiotl Bpiokovtal mwhvta
VTOLOVETIKA SITAQ LoV TPOGPEPOVTAG OV aUEPLET oTHPIEN Kat aydmn. H owkoyévelo mov

onuovpynoape pali, dev cvuykpivetar pe Timota GAALO 6ToV KOGHO. e EVYOPIOTO!

Aidiov I'. Baldaviooo
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IHEPIAHYH

H ExAextikn Koatadlvtikny Avayoyn tov NO pe ypnion vopoyovavdpdxmv (HC-SCR)
Exel pedetnBel 01e€odka T TeAevtaia ypovia, og mbavy evarloktikny de-NOy texyvoloyia
tov NH3 7/kor urea-SCR. Tlapoéia ovtd, m e€popuoyn TG TEYVOAOYIOG OLTAG OTNV
Brounyavia, dev £xel KataoTel axoOUa SOLVATY], LE KVPLOTEPO AHYO Vo amoTeAE 1 amovcio VoG
KOTOALTIKOV GUGTNIATOG TToL Vo TpomBel tnv avtidpacn HC-SCR tov NO og Beppokpaocieg
younAotepeg tov 250°C. H atbavoln @aivetor va amotedel 18avikd péco oTig teyvoloyieg
SCR tov NO 61006 oTNpOIEVOVS KATAADTEG OPYOPOV. ZVYKEKPIUEVQ, HE XPNOT oBovOANG
®¢ avaymYko pécov, o katolvg Ag/AlLOs, Bpébnke va mapovoidlel petatponn tov NO
ueyaAvtepn tov 80% oto Beppokpaciakd evpog 300-400°C, Tapovcio vepod kot TeEPIGEELNS

o&vuyovou.

H moapovoa Awaxtopikny Awtpifr], avagépetar oy evoerey] LEAETN TG avTiopaoNC
EKAEKTIKNG KATAAVTIKNG ovay®YNG Tov povoéetdiov tov almtov (NO) ce 1oyvpd o&edmtiKég
ouvOnkeg (lean de-NOy) pe ypnon aboavoing og avayoyikodv pécov (EtOH-SCR) oeg
otplduevovg KoTaAvTeg apydpov (Ag), otn xounin Oepuokpaciokn meployf 150-400°C ko
o€ €va gupog cvykevipmoewv NO, O, kot EtHO napovsia CO,, SO, kot H,O, pe oxomnd v
npocopoimon ¢ cvotacons Prounyovikov koavcaepiov. H €pguva mov mpaypoatomomOnie
ota mAaicw TG moapovoag A.A., odfynoe omnv obvleon Kol avidmTuEn evOog VEOL
otplopevou Katalvtn Ag o petypo epnopikav o&ewiov MgO, CeO; kot AL,Os (Ag/MgO-
Ce0,-Al,03), 0 omolog PBpédnke va mapovotdlel €EAPETIKY KATOAVTIKY] GUUTEPLPOPE MG

npog v avtidpacn NO/EtOH/O,.

Meletdtor yioo TpOTN QOPE, 1 KOTOALTIKY evepydTNTa Kot eKAEKTIKOTNTO 68 Ny ¢
npog v avtidopacn EtOH-SCR tov NO, tov kovotopov otepeov 0.1 %x.f. Ag/MgO-CeO;-
AlLO;3 ot yaunAn Oeppokpaciaky meployn 150-400°C. Tuykekpipéva, mapovoio 0.05 vol%
NO, 5 vol% Oy, 0.1 vol% aBavoing kot He g @épov aépto otnv Tpopodocia, 0 KataAdTng
Ag/MgO-Ce0,-AlL 03 Bpébnke va mapovoidlel Tnv vymAdtepn evepyotta (Xno =89%) Kot

gkhekTikOTTa. ©G TPog No ko CO; ( Sy, =99%, Scp, =99%) mov &xer avapepbei oy

BipAoypaeia yioo v avtidpaon NO/EtOH/O,. Eniong, o kataivtng Ag/MgO-CeO,-Al,04
nopovotdlel 1o peyaivtepo mapdbvpo Beppokpaciakic Aettovpyiag (AT=200°C) mov &xet
avaeepbel moté ot PpAoypaia Yo petoAlkovs otnplopevovs KoTaAdTeg Ag yioo TV
avtidpacn EtOH-SCR tov NO. EmumAéov, a&ilel va avapepbel 6Tt 10 KATAALTIKO GUGTNLO

Ag/MgO-Ce0O,-Al,03 mapovoidler vyniny otabepdtra mTapovsio vypaciog (5 vol% H,0)
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kol SO, evd mapdAinia moapovstalel vynAo pvOud Tapaymyns N, oe Beppokpacieg KAT®
tov 250°C. Avtd anotelohv oNUOVTIKG YOPOKTNPIGTIKG OV €UvoolV TOovH TPOKTIKA

epappoy”n g teyvoroyiog ethanol-SCR.

Y10 onueio avto a&ilel va avagepbel 6T emoTéyaoua ™G TPootadelog ovtng eivat 600
ONUOGLEVGELS GE J1EBV EMOTNUOVIKG TEPLOJIKA KATOMY Kpiong Kot 1) vtofoAn aitnong yio
Evponaikd Aimhopo Evpeciteyviag yioa tov kataidtn Ag/Mg0O-CeO,-Al,O3 o¢ mpog v
avtidpaon EtOH-SCR ot yaunif Oeppokpaciaxh teptoyf 150-400°C.

Mnyaviotikég peréteg g avtidopaong EtOH-SCR 610 xatoivtikd cvotnua 0.1 %xk.p.
Ag/MgO-Ce0,-Al,03, pe ™ Ponbeia tov teyvikddv DRIFTS, TPSR, SSITKA-DRIFTS
OMOOEIKVOOVY TNV CNUOVTIKOTNTO TNG YNUIKNG OVOTOCNG TOL VLITOCTPMOUATOS GTOV
OYNUOTICUO SLOPOPETIKMV EVOLIUECOV EWDMOV TG avtidpaons. EmmAéov mapovoibdlovtat yio
TPOTN POPE TEPOUATIKO OTOTEAEGLOTO TOV OGTOOEIKVOOLY OTL 1| VYNAR €vePYOTNTO TOV
KataAVTn pmopel vo opeidetar oty moAL younAn @option tov (%K..) apydpov n omoia
odMYel oTOV GYNUATICUO TOAD HKPOV KPLGTOAATAOV 0pyOpoL (4-8 Atopa) 6To VITOCTPMLA
Kol 6TOV oyNUoTIcpd vémv €dmv NOy. Ta €idn avtd dev ddvatol vo GYNUATICTOOV CE
ompiopevoug KataAvteg Ag pe eoption vynAdtepn tov 0.5 %k.f., 6mov oynpartifovron

LEYAAOL KPLOTAAAITEG HETAALOL. ZuYKEKPIUEVA Ol LEAETEG £0€1&aV OTL:

i. IIpocpopnuéva katovra NO Bpébnkav va oynuatifovtar 6 ToAD pkpohg KpLoTAAAiTEG
apyopov (Ags-NO", Ags-NO", Agg-NO"). Ta £idn avtd @aivetar va oynpatilovior poévo
6€ TOAD YOUNAEG QOPTIcES HETAALOV OIS QT TOL XPNGIULOTOMONKE GTA TANIGLO TNG
napovoos AA. (0.1 %xk.p.). A&iler va onuewbet, 6t elvar n mpdOTY QOpE TOL
QITOOEIKVVETOL TEPOUUATIKG O GYNUATICUOS T®V TPOGPOPNUEVEDV KatovTov NO yuo v
eV AOY® avtidopaon.

il. BpéOnkav dvo evepyd mpospopnuéva eVOLALESH 101 GTNV ETLPAVELD TOV VITOGTPMOUOTOG
tov katoAvTn Ag/MgO-Ce0;,-Al,03. Ta €lon avtd eivor to nitrosyls €ion to omoia
BpEONKOV VO TPOSPOPOVTOL 6TN SLEMPAVELS PETEALOV Kot VTOGTPGORATOS (M-NO,™, M-
N06+) kot to. chelating vitpikd €i0m, ta omoiot TPOCPOPAOVTAL GTNV EMPAVELNL TOL
vrootpopotog (NOy).

iii. Ot evolkég evddoelg MOV TPOCPOPMVTOL HOVO TAVE M/Kol KOVTO GE KPLOTOAAITEG
apyVPOL QOIVETOL VO Etval evepyd evatdpesa €10m TG avTidopaong Tov pHEAETNONKE GTOV
kataAvtn Ag/MgO-CeO,-Al,03 (RCH=CH-O-Ag, RCH=CH-O-AI-Ag). Ot gvolkég

EVOGELS OVTEG, POivETOL VO TPOKOTTOVY amd TN HePKN o&eldwon g aifavoing ctov
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KOTOADTY, avTopovv pe mpocspopnuévo €idn NO kot mailovv onuaviikd poAo o010
oynuoticpd tov eddv-NCO dpo xkou oty vynin petotpony] towv NOx xoatd tnv
avtiopaon EtOH-SCR.

iv. Télog, Ppébnke o611 To gvolikd €idn mov oymuoatilovror maved nH/Kol Kovid o€
Kkpvotarritec apyvAiov (RCH=CH-O-AI) eivai evepyd evolbpeca i1 Kot GCOUUETEOVY
oTo unyoviopno g avtidpaong EtOH-SCR.
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ABSTRACT

ABSTRACT

The selective catalytic reduction of NO with hydrocarbons (HC-SCR) has been studied
thoroughly in the last years as an eventual competitor for the commercial NH3-or urea-SCR
processes. However, the development of an industrial HC-SCR technology has not yet been
possible and the most significant reason is that not suitable catalytic system has been found at
temperatures lower than 250°C. Ethanol has been successfully used in the selective catalytic
reduction of NOy on alumina supported silver catalysts. These systems have demonstrated
good resistance to water and high NO conversions (80%) in the temperature range of 350-

490°C.

The present Doctoral Thesis work concerns detailed fundamental study of the selective
catalytic reduction of nitric oxide (NO) under strongly oxidizing conditions (5 vol% O,) and
in the presence of H,O, CO, and SO; (industrial conditions) in the feed stream using ethanol
as a reducing agent (ethanol selective catalytic reduction, EtOH-SCR) over supported Ag
catalysts at a temperature range of 150-400°C. The systematic studies conducted within the
frame work of the present work led to the synthesis of a new Ag/MgO-CeO,-Al,O3 supported
catalyst with a remarkable catalytic behaviour towards the NO/EtOH/O, reaction.

For the first time, the catalytic performance and Nj-selectivity of the novel 0.1 wt%
Ag/MgO-Ce0,-Al,03 catalyst towards EtOH-SCR of NO is investigated in the low
temperature range of 150-400°C. In particular, using a feed composition of 0.05 vol% NO, 5
vol% O,, 0.1 vol% ethanol and He as balance gas, the Ag/MgO-CeO,-Al,0O3 catalyst was
found to show excellent activity , selectivity and stability for reducing NOy to N,. The results
of the present work indicate that the 0.1 wt% Ag/MgO-CeO,-Al,O3 catalyst shows the
highest activity (Xno =89%), selectivity towards N, and CO; (S, =99%, S, =99%) and

temperature window of operation (4T=200°C) that any other catalyst reported to date in the
literature for the reaction NO/EtOH/O,. Moreover, the Ag/MgO-CeO,-Al,0O5 catalyst presents
excellent stability in the presence of water (5 vol% H,0) and resistance to SO, poisoning with

high N, yields at T<250°C, significant characteristics for practical ethanol-SCR applications.

At this point, is worth to be mentioned that the above mentioned results led to the
submission of a patent application for the commercial exploitation of Ag/MgO-CeO,-Al,03
catalyst towards a new NOjy control technology in the low-temperature range of 150-250°C

using ethanol as a reducing agent.
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ABSTRACT

In situ mechanistic studies (DRIFTS, TPSR, SSITKA-DRIFTS experiments), have

been performed on the 0.1 wt% Ag/MgO-Ce0O,-Al,0; catalysts concerning the EtOH-SCR

reaction system. The results have shown the significant effect of the chemical composition of

the support to the formation of different adsorbed active intermediate species. Furthermore,

the results of the present work provide serious indications that the high activity of the 0.1

wt% Ag/support catalysts might be due to the use of very low metal loading that lead to the

development of very small Ag complexes on the support and the consequent formation of

new adsorbed NOy species that are not formed on large Ag clusters. In particularly, studies

have shown that:

ii.

iii.

iv.

Adsorbed NO cations (Ags-NO", Ags-NO", Agg-NO") where identified on small silver
clusters. These species are only formed on very small silver clusters (4-8 atoms) and it
should be noted that the formation of the latter species is experimentally proven for the
first time ever.

Two N- species adsorbed on the catalyst surface were reported to be active in the case of
Ag/MgO-Ce0,-Al,0;5 catalyst. Nitrosyls species adsorbed on the metal of the support
(M-NO,>", M-NO®") and chelating nitrite (NO,") adsorbed on the support.

Surface enolic species adsorbed on/or close to Ag sites (RCH=CH-0O-Ag, RCH=CH-O-
Al-Ag) were identify to be active intermediate species and play a crucial role in the
reduction of NOy by ethanol over Ag/MgO-CeO,-Al,Os catalyst.

Surface enolic species adsorbed only to Al sites (RCH=CH-O-Al) were found to be
active intermediate species in the case of NO/EtOH/O, over Ag/MgO-CeO,-Al,03
catalyst.

Teyvoroywo Iavemotuio Konpov -Tuniue Emotiung ko Teyvoroyiag [eptpdiiovtog v





