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RESUME en Francais

Introduction

Parmi les défis actuels auxquels I'numanité aféaié au XXle siecle, la question des ressources et
des technologies d'énergie verte renouvelabléwrst tes plus urgentes, essentielles et vitales. De
nos jours, la biomasse est I'une des matiéres premialternatives les plus prometteuses qui
pourraient étre transformées en I'énergie utilgodud'hui, il existe des dizaines de méthodes de la
transformation de la biomasse, qui permettent efabtirois principales matieres premiéres: les
combustibles solides, gazeux et liquides, dontolaposition peut varier selon les conditions de
traitement. Les produits d'intérét élevé sont isdasla biomasse par la pyrolyse rapide des
composants oxygénés légers de la bio-huile. Cetttidn, comme ['éthanol, le glycérol etc, semble
extrémement prometteuse en raison de la possibdtée utilisée directement comme combustible
dans depiles a combustible a oxyde solide a températuterimédiaire Le principal probleme de

ce procédé a haute efficacité énergétique estléfaction et le frittage lourds lors de la réaction
des catalyseurs les plus appropriés contenant difitie des approches les plus approfondies pour
augmenter la stabilité des catalyseurs consisttligeu des pérovskites contenant du Ni comme
précurseur du catalyseur, qui forment des nanapidet Ni-Fe métalliques résistants au frittage, qui
interagissent fortement avec la pérovskite restemtedu prétraitement réducteur. Ces catalyseurs
sont actifs et stables, mais en raison d'une sgpécifique pas trés élevé - environ Hgmils ne
peuvent pas fournir des performances requises étgmortés sur des supports structurés. Ce
probleme pourrait étre résolu en chargeant desvpiéites sur les supports avec surface spécifique
plus élevée tel que-Al,O3 avec I'incorporation d'éléments alcalins, ce quitdbuera a créer des
systémes catalytiques structurés de haute effecacitir la réaction de vaporeformage d’éthanol et

de glycérol.

L’objectif du travail:.
Développement de catalyseurs efficaces a baserdesgée pour la transformation des bio-huiles
en le gaz de synthése et I'nydrogéne (réaction®le®d vaporeformage d'éthanol et de glycérol).
Conformément a I'objectif, les taches suivantestitormulées:
1. Synthése de trois familles de catalyseurs:

a. Les pérovskites massives LakeMRu,Os (Ln = La, PrM = Ni, Co)

b. Les pérovskites supportédesnNig o.F6R Uy 103/NMg-y-Al,03 (Ln = La, Pr,x=0-0.6, m =

10-20%mass, n = 6-15% mass.



c. Les pérovskites structurées [Lip gRUp 103/nMg-y-Al ,0z]/mousses structuré
2. La caractérisation pbkigue et chimique détaillée pour toutes les famifld’aide des méthod
BET, DRX, MET avec EDX, TP-H,, XPS, IR de CO adsorbées et W&

3. L’étude d’activité catalytique et de la staiildes matériaux préparés dans les réactions mc

- vaporéfornage d'éthanol et vaporéformage de glyc

Résultats et discussions.

Les résultats expérimentaux et la discussion dadtats ont été divisés en trois chapitres: cha
I, IVetV.
Le chapitre Ill est consacré a la synthese, a la caractérisatia I'étude de l'activité catalytiq
dans les réactions de vaporeformage d'éthanol gltydérol de la famille de pérovskites massi
LnFe.«yMyRWOs (Ln = La, Pr,M = Ni, Co), ainsi que deéchantillons de comparaison de
Ni(Co)/PrFeQ. En utilisant &s méthodes DRX et MET, il a été montré que learitdlons initiaux
PrFeQ et LnFe..yMyRuOs contiennent principalement la phase de pérovskiee da structur
orthorhombique. La surface spécifique moyenne desvskites initiales est de-10 nf/g. Les
diffractogrammes DRX des échantillons 5%Ni(Co)/Rd; montrent qu'ils sont constitués d'oxy:
orthorhombiques PrFe@t NiO (C0O,4) avec une taille de cristallites de ~ 35 nr> 100 nm dans
les cas de supports calcinés a 700 et 900 °C, atxgpment. La capacité de réduction
pérovskites a été étudiée par la méthode -H, avec une étude ultérieure par DRX et M
(Fig.1). Pourles échantillons monophasés L1..yMxO3 qui ne contiennent pas de ruthénium
traitement dans I'hydrogene a 500 °C n'affectd@asstructure; pour les échantillons contenan
Ru & des températures ~ -320 °C, la réduction de Ru est observée. augmentation de la
température de réduction a 800 °C entraine unengaéusition partielle de la pérovskite avec
formation d'oxydes de La, Pr et de-Fe (Ru), des particules d'alliage de-Fe avec une taille
moyenne de 10 nm stabilisée sur la pha: la pérovskite restante (Fig.
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Fig. 1. a — Résultats DRX d’échantillons Pty Nig :Os: frais et réduit a 500 et 800
b —Image MET d’échantillon PrlyNiyOzapres la reduction a 800



La formation de particules bimétalligues nanomeéeg de Ni-Fe liées avec la pérovskite a été
confirmée par MET (Fig. 1b). Selon les données BRH,, la réduction du cobalt de la pérovskite
se produit a des températures plus élevées ques abdls nickels. Dans les échantillons a 5% de
Ni(Co)/PrFeQ, la réduction de NiO et de €0, se produit a T ~ 450-500 °C, et la taille des
particules métalliques formées est dépendante dem@érature de calcination du support: pour
PrFeQ avec Tac = 700 °C est de I'ordre de 10 a 20 nm ; dansdedeaPrFeO avec.d: = 900 °C,
des particules sont beaucoup plus grandes.

Les catalyseurs de cette famille ont été préalademeduits dans un flux d'hydrogene a 800 °C
avant les essais catalytigues dans la réactiorapgereformage de I'éthanal des températures de
600 a 850 °C (certaines données sont présentésdaed@dmbleau 1). Les tests catalytiques montrent
que pour tous les échantillons de composition LR ,Ru,Os, des taux élevés de conversion de
I'éthanol sont déja observés a une températureDde€C. Les principaux produits de la réaction
sont B, CO et CQ.

Tableau 1 Conversion d’éthanol, rendement en hydrogénelettsété de © etC,H, (%)

XC2H5OH YH2 Sco SC2H4
T, °C 650 700 650 700 650 700 650 700
Catalyst:

PrFe NigOs 64 98 68 89 57 73 1 0
LaFe NigOs 49 75 44 67 53 60 3 3
PrFe C0y.40; 29 60 12 29 20 38 9 10
PrFe ¢NigsRuy 105 80 100 76 90 57 75 0 0
5% Ni/ PrFeQ™ 96 100 82 85 57 63 1 0
5% Ni/ PrFe@™ 100 100 93 97 63 78 0 0
10PrNj oRUy /6Mg-Al,O; 98 98 57 76 37 60 31 11
10PrNj ¢RUy./10Mg-Al,O5 100 | 100 86 90 62 71 0 0
10PrNj ¢RUy./15Mg-Al,O5 100 100 78 85 53 72 8 0
10LaNk Ry /10Mg-Al,0; 100 | 100 85 91 57 75 5 0
20PrNjp Ry /10Mg-Al,O5 100 100 96 97 59 70 0 0

Les échantillons contenant Pr présentent une gcitiune stabilité supérieures a celles contenant
La, ce qui peut étre expliqué par la forte réatdide I'oxygene dans I'oxyde de praséodyme forme
pendant la réduction, ce qui contribue a l'oxydatotes précurseurs de coke. L'activité des
échantillons a base de Co est beaucoup plus fgildgour les analogues contenant du Ni sur toute
la gamme de température. En méme temps, un rentiétegg en I'acétaldéhyde (non donné pour
la brieveté) et I'éthylene indique un faible tawxabnversion de ces intermédiaires en les produits
cibles. Les résultats obtenus sont compatibles Evdifficulté de la réduction de Co a partir de la
structure de la pérovskite montrée par la méthoB®-F,. La comparaison de l'activité des



catalyseurs LnRe.yMxRu,Os et 5%Ni/PrFe@ (Tableau 1) montre que les échantillons imprégnés
de 5%Ni/PrFe®@ sont plus actifs a3700 °C, ce qui est di a une réduction plus facenidkel,
selon les données TPR:HCependant, les essais de la stabilité de cesn#élttvas a une
température constante de 650 °C pendant 7 heuiges2)Font montré une désactivation rapide et
les images MET (Fig. 3) des catalyseurs aprés tediguent un frittage important des particules
métalliques pour les échantillons imprégnés. Aites, catalyseurs a base de ferrites substituées
LnFe.x.,MRu0Osdémontrent une résistance accrue au frittage dieylas metalliques et dépot de
carbone grace a une forte interaction des parsamétalliques avec le support et une dilution des

ensembles de nickel en raison de la formation alliage Ni-Fe.
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Fig. 2. La conversion d'éthanol pendant le vaporeformage
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d’éthanol a 650 °C pour les catalyseurs a base de
5%Co(Ni)/PrFeQ et PrFg/Co(Ni)y 03,
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Fig. 4. La conversion du glycérol en phase gazeus@o}
Fig. 3.Images MET de) PrFe /Nio 03 et b) et la productivité en hydrogéne (mol/mbiser) pendant
5%Ni/PrFeQ*™ apres le vaporeformage d’éthanol & 650 |g vaporeformage du glycérol & 650 &n présence de

°C pendant 7 h. LnFey..,NiyRu,03

Les catalyseurs LnkgyMxRWuOs ont été préalablement réduits dans de I'hydrogeb80 °C et
testés dans une réaction kgporeformage de glycéra@ 650 °C. Pour les échantillons a base de
nickel PrFgNiog30s, LayProsFenNip303,PrFe eNipsRuw 103, il a été montré (Fig. 4) que la
conversion du glycérol et le rendement en hydrogipendent fortement de la composition de la
pérovskite. Pour PrigeNip30; et La ProsFeNigsOs, un maximum sur les courbes de la

conversion est observé en raison de la réductipplémentaire de la pérovskite dans le mélange



réactionnel et, par la suite, une diminution rapitée I'activité due a la formation de carbone.
L'activité initiale élevée du catalyseur PgBN¥io3RW 103 s'explique par la présence de Ru, qui est
réduite a T< 300 °C. La diminution lente de l'activité pour éehantillon indique sa plus grande
stabilité. Les essais de catalyseurs a base dét @sthanontré qu'ils présentent une faible activité
dans les réactions: malgré la conversion du glyarghase gazeuse Xg de 70%, le rendement en
hydrogéne pour les systémes contenant du cobaltpemé@vec l'addition de Il'oxygene (oxy-
vaporeformage) reste faible (0,8 mal/idolgy), ce qui correspond a la valeur de I'échantillanss
composant actif PrFeOLa sélectivité élevée en I'éthylene pour ces ddlans indique également

la faible sélectivité du groupe de catalyseurs aebde Co. L'ajout d'oxygéne au mélange
réactionnel peut améliorer considérablement lailgtallu catalyseur tout en maintenant un haut
rendement en hydrogene réduisant la formation gétdé&arbonés.

Le chapitre IV est consacré a la synthése, a la caractérisdtiari'@ude de I'activité catalytique
dans les réactions de vaporeformage d’éthanol eflyaerol de la famille sur suppomlLnNig o
xF&RUW 103/NMg-y-Al,03 (Ln = La, Pr, x = 0 - 0.6, m = 10-20%mass, n =584inass). Pour cette
famille, on a constaté que I'état de l'agent aadtifes propriétés acides de la surface de support,
déterminant l'activité catalytique des eéchantillodgpendaient de la quantité et du procéedé
d'introduction du magnésium, le procédé de la gsehla quantité et la composition chimique de la
pérovskite déposée. La surface spécifiqug-éli,Os initial est de 177 fAig et elle diminue avec la
charge de Mg et pérovskite jusqu'a 100-160grselon la méthode d'incorporation de Mg et de sa

concentration.
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Fig. 5 Paramétre de maille de spinelle en fonction d&ig. 6. La conversion du glycérol en phase gazeusé@o}

taux de Mg en n% MgAl.O; et en catalyseur et la productivité en hydrogéne (mol/rGbig3d") pendant

supporté sur n% MgAI,Os le vaporeformage du glycérol a 650 én présence de
10%PrNj Ru, ,O,/[n%Mg-yAl O]

L'étude des catalyseurs supportés par DRX, la specipie UV-Vis-NIR et MET a montré que le
Ni avec Mg sont incorporés dans la structure sfan@tig. 5) pour former une phase mixte de

NixMg1-xAl,0,4, alors qu'a Mg> 10 % la solution solide MgO-NiO est également féemLa



formation de structures de surface de type pérta/$kiNiRu O3 and PsNiyRu;.xO4 est montrée
par MET pour des échantillons avec une teneur eonvpkite de 20%. L'étude des supports
modifiés par Mg par la spectroscopie infrarougecase CO adsorbé montre une diminution de
I'acidité de surface avec une augmentation deraertdration superficielle du Mg. La réduction des
échantillons avec la formation de particules miggaéls de Ni et de Ni-Ru a lieu dans la gamme de
températures de 600 a 900 °C. Dans ce cas, emrdésta forte interaction métal-support, la taille
des particules métalliques formées est assez pefites nm.

L'étude de la performance des catalyseurs dareatdion devaporeformage d’éthanahontre que
tous les catalyseurs fournissent des valeurs &esléela conversion de I'éthanol, tandis que la
sélectivité et la stabilité des catalyseurs dépeingdencipalement de la teneur en magnésium. La
diminution de la force des sites acides de I'oxg@uminium, montrée par la spectroscopie IR,
entraine une diminution de la sélectivité de I'thg en supprimant la voie de déshydratation, ce
qui donne une forte résistance au dépdt de carldowes échantillons. Lorsque la teneur en
magnésium dans le catalyseur e€t0%, les catalyseurs a base de La et Pr présanierdctivité
similaire (Tableau 1). La conversion élevée d’'éthast déja atteinte & 600 °C tout en conservant
des rendements éleveés epdtien CO, ainsi qu'une faible sélectivité poursiegs-produits.

Dans le cas de la réactiaile vaporeformage de glycéralne tendance a la désactivation dans les
tests de longue durée a été révélée. La convelsigtycérol et le rendement en hydrogene, comme
cela a été démontré dans le cas d'échantillonsifsais chapitre Ill, sont plus élevés pour les
catalyseurs contenant le Pr. On a montré une etio@lentre la teneur en Mg et I'état Ni et la
performance catalytique de ces catalyseurs. La asion de glycérol et la productivité de
I'éthylene (précurseur de coke le plus importaFkiy.(6) démontrent une augmentation de la
stabilité de I'échantillon avec une augmentatioadieneur en Mg dans I'échantillon a 15%. Pour
toutes les familles de catalyseurs, la stabilisatie la performance catalytique a été observée
lorsque I'oxygéne était ajouté au mélange réaationn

Le chapitre V est consacré aux résultats des tests des catalysg¥LnNj Ru, ,0,/Mg-y-Al O,

77 7

supporté sur des plaquettes de mousse structusé&tel montré que, a des températures inférieures
a 750 °C, la conversion d'éthanol et le rendemerityelrogéne sont plus élevés pour le composant
actif optimisé chargé sur la mousse Ni-Al métakigpar rapport a la mousse céramique.
Evidemment, la performance du catalyseur supparténeusse de Ni-Al est meilleure grace a sa
haute conductivité thermique qui fournit un tramstie chaleur efficace le long du lit catalytique.
Un essai a long terme de ce catalyseur dans vaporafe d'éthanol et oxy-vaporeformage
d'éthanol utilisant un mélange de gaz réaliste (30D&thanol) montre sa grande activité et sa
stabilité dans les deux réactions pendant 40 heures



Conclusion générale

1. Il a été démontré que, la synthese de précurgboxgde mixtes utilisant la méthode Pechini
modifiée suivie d'une calcination a 700 + 900 °@rnpet d’obtenir la pérovskite monophasée
LnFe.«yMxRWOs (Ln = La, Pr, M = Ni, Co) de la structure orthorhuoioue a x0,3 pour Ni et X

0,4 pour Co; y = 0-0.1. Dans le cas d'échantilld@es% M/PrFe@ obtenus par imprégnation, Ni
(Co) ne sont pas inclus dans la structure de lavgkite et sont présents sous forme d'oxydes
individuels de NiO ou G©,.

2. Il a éte etabli que, lors de la réduction a 800 °@s pérovskites Lnk&,MyRu,03; se
transforment en les catalyseurs actifs comprenastndnoparticules d'oxyde de Ln€ un alliage
métallique (Ni-Fe, Co-Fe ou Ni-Fe-Ru) avec unddaile ~ 10 nm fortement lié a la surface de la
pérovskite restante. Il est démontré que ces maaté@activés ont une plus grande stabilité dans les
réactions du vaporeformage d'éthanol et de glycpeol rapport aux catalyseurs 5%M/PreO
obtenus par imprégnation. Les catalyseurs les guitifs et les plus stables sont les échantillons a
base des pérovskites PgFio sRu,O3 (y = 0-0.1), ce qui est dU a la facilité de letluction et aux
propriétés red-ox de l'oxyde de praséodyme forme.

3. Il a été montré que, pour la famille supportéeReNkNi o RU.103/ N% Mg+-Al,0O3 (m = 10-
20%mass, n = 6-10%mass), le magnésium et le ngk&l introduit dang-Al,Os, ce qui réduit
I'acidité dey-Al,Os et la concentration de Mg affecte l'interactionnilckel avec le support: a n =
6%, le nickel est principalement incorporé da#d .03 pour former le spinelle NiMgi.-x) Al2O4, &

n> 10% NiO-MgO. Avec un contenu de 20% de pérovskites partie du nickel peut également
faire partie des structures superficielles de fRMi.xO3 and PsNixRu; Os.

4. 1l a été montré que la réduction de mLngR&y o RU.103 / N% Mg+v-Al O3 avec la formation de
particules de Ni métalliques fortement disperséeBaliage Ni-Ru est déterminée par la forte
interaction de nickel avec le support, qui dépemdacconcentration de Mg et de pérovskite.

5. Il a été établi que l'activité et la stabilité demtalyseurs supportés a base de mLpkkg).
«RU 103 / N% Mg+v-Al,O3 dans toutes les réactions étudiées augmentent'augmentation de la
concentration de magnésium, en raison d'une dimmute la concentration des sites acides sur la
surface de support. Il a été démontré que lesysatiaits de la composition optimale de 10 a 20% de
PrNip oRU 105/10% Mg+-Al,03 fournissent le meilleur rendement en hydrogen®@%) et la
stabilité pour ~ 20 heures dans le vaporeformagtbahol.

6. Une activité élevée de catalyseurs structurésa ta supports macroporeux Ni-Al, SiC/Al-Si-O
et Ni-Al-SiC/a-Al,O3 dans le vaporeformage d'éthanol dans un réacimie @ été montré. Un
catalyseur structuré optimisé a base de suppoil Miétallique fournit un rendement d'hydrogéne
de 80 a 87% dans les réactions de oxy-vaporeform@tfeanol avec I'alimentation réaliste de gaz



(concentration d'éthanol 30%) dans le réacteurtepifndant 40 heures (T = 850 °C, temps de

contact 1 s).
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ANNOTATION

This cotutelle PhD thesis investigation was carmed in the frames of the joint French-
Russian PhD funding by French Embassy in Russa&fittancial support was guaranteed by the
“Metchnikov” stipend obtained in 2013. The reseanark was distributed between two scientific
establishments: Boreskov Institute of Catalysis QBI Novosibirsk, Russia and ICPEES,
UMR7515, University of Strasbourg, France. The warks divided between two institutions as
follows: the catalysts’ synthesis, as well as gai@kests in the steam reforming of ethanol reaucti
were carried out at the BIC, the characterizatibthe samples before and after tests was carried
out in both institutes, and catalytic tests in skeam reforming of glycerol reaction were performed
at the University of Strasbourg. The author digeptrticipated in formulating of goals and tasks to
be solved within the presented work, synthesizddtled catalysts and performed catalytic
experiments on steam and oxy-steam reforming afegbl, processed and analyzed results of the
experiments on steam reforming of ethanol; tookt pamrocessing and discussion of the data
obtained by physical-chemical methods and performedessary preparative and auxiliary
operations; contributed to the preparation of psppresented the obtained data at conferences,
collected and analyzed literature data relatetiecstibject of the study.

The thesis consists of an introduction, five chegteonclusions and references. The work is
set out on 144 pages, contains 9 tables, 59 fiqamdsa list of literature used mentioning 273 items

Theintroduction provides the justification of the relevance of tbpic chosen; the goal, the
tasks and the main steps of the work are also fiatea

Thefirst chapter, which is a literature review, proves the prospe@détthe developments in the
field of hydrogen and synthesis gas production flmairenewable sources in accordance with the
main problems of modern hydrogen energy. The pesseof hydrogen and synthesis gas
production from oxygenates, including steam refogmof ethanol and glycerol, are considered.
The analysis of the existing data on the steanrmefy reactions catalysts is carried out; oxides
with the perovskites structure as precursor oflstabocesses’ catalysts are considered in details.
Literature data on the development of structurddlgsis, their application to bio-oils conversion
reactions are analyzed.

The second chaptedescribes materials and synthesis methods usebtdgreparation of all
catalysts’ families, as well as specification of fphysicochemical methods used in the study, such
as BET, XRD, TPR-K IRS ads. CO, UV-Vis, XPS, HR TEM, TP&®HsOH. Also, the chapter
describes the conditions of catalytic tests in tieas of steam and oxy-steam reforming of ethanol
and glycerol.

The third chapteris devoted to the study of catalysts based on iutest ferrites of rare-

earth elements with a perovskite structure LpgMRuOs, as well as comparison samples of



5% Ni(Co)/PrFe@ Theeffects of thechemical composition and synthesis method on tihetsiral

and textural properties, as well as reducibilityifial samples are studied. Further, the chapter
presents the results of catalytic tests in theti@as of ethanol and glycerol stream reforming gsin
preliminarily activated perovskites. The activigtability and dependence of these parameters on
the composition and properties of precursors aatyaed; conclusions on the most suitable samples
are drawn.

The fourth chapteris devoted to the investigation of the supportedr@agnesium-modified
alumina catalystsnLnNig dRUy 103/NMg-y-Al,03. Data on the study of the structural properties of
supports and catalysts, aimed at revealing theenftte of the magnesium introduction method, its
content and the perovskite composition on the sartzcidity, Ni state and the formation of the
active phase of metallic nickel in the processezfuction treatment are established. The second
section of the chapter contains the results ofigataests in the reactions of ethanol and glytero
stream reforming. The effect of the physical-chehproperties of the supported precursors on the
stability and selectivity is investigated and dssed. Conclusions on the most suitable samples are
made.

In the fifth chapter the results obtained for the structured -catalyBgstems

[10%LaNj, Ry, ,0,/6%Mg-y-Al ,O,/metal-ceramic foams] tested in a pilot reactor sitrewn. The

activity and stability of the catalysts in conditgclose to real industrial ones is demonstrated.

The sixth chapterconcludes the overall results obtained. Basedhisnthe main fundamental
regularities in the formation of active and stalide carbonization catalysts were proposed,
depending on the parameters as composition, systhesthod that can be regulated during the
design of the precursors.

The lists of figures, tables and contents, as agkbbreviations are given at the beginning of

the manuscript. The literature used is listed enéhd of the thesis.
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Introduction

Relevance.The growing demand for energy along with globatmiag, climate change, and
the need for harmonious exploitation of naturaloueses determine the world’s interest in
renewable sources of energy. To ease the dependenceneral resources, such as coal, oil and
gas, and to improve the environmental situatiorthie world, it is necessary to search for new
highly efficient processes based on alternativecesuof energy. Biomass, being a renewable and
COs-neutral feedstock, is not only the object of maegearch works but in some countries
replaces, to a large extent, the conventional fesgirces of energy. One of the most promising
methods for transformation of biomass to fuel andrgy is now the catalytic steam reforming of
liquid products from processing of biomass, thecalted bio-oil, to hydrogen and syngas.
Hydrogen is known to be the most environmentallgnfdly fuel for various energy and heat
generators (fuel cells, internal combustion engimesbile power plants), whereas bio-syngas can
serve as a feedstock for the synthesis of varitesnecal products and liquid fuel in the Fischer—
Tropsch process. However, the wide applicatiorhsf technology is hindered by the drawbacks of
available catalysts: despite the intensive studtes,main problem related to low stability of the
known catalysts due to coking remains unresolved.

It is known that the most active and inexpensiwkel-containing catalysts with conventional
supports having a high surface area (alumina, alosilicates, etc.) rapidly deactivate due to
sintering of nickel and coking, which is promotey &cid sites on the support surface. The
application of basic oxides (MgO, 1@;) as the supports enhances stability of the catalys
however, they possess a relatively low activity tuesmall surface area. The use of nickel-doped
mixed oxides of rare-earth elements with the pedibestructure as the catalyst precursors makes it
possible to obtain highly active coke-resistantalyats. This occurs because a highly disperse
metallic nickel strongly bound to the oxide matigxformed in the reducing reaction medium, and
coke precursors are oxidized by oxygen of the Kighbbile oxide. Perovskites as the catalyst
precursors were studied mostly in numerous worksteel to methane reforming but were not well
studied in steam reforming of oxygen-containing rogdrbons. In spite of high activity and
stability, the low specific surface area of perateskand the high cost of rare-earth elements limit
their practical application. Thus, stable inexpeascatalysts for transformation of biofuels to
syngas and hydrogen have not been devised as yet.

A promising approach to enhancing the activity atability of steam reforming catalysts
consists in depositing the layers of nickel-corntegnmixed oxides with the perovskite structure
onto supports possessing high specific surface andabasic properties. Such catalysts are highly

active and resistant to coking due to high surfama and thermal stability of disperse nickel
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particles and owing to a decreased acidity of timpert and high mobility and reactivity of oxygen
from the mixed oxide. It is known also that nicldlbys with cobalt, ruthenium or iron are more
resistant to coking due to dilution of nickel engées.

Bio-oil is a mixture of oxygen-containing hydrocars, such as alcohols, acids, aldehydes,
ketones, etc. Fundamental studies aimed to reveshonship between catalyst properties and its
activity and stability in steam reforming of bid-oare commonly performed using model
compounds of bio-oil, for example, ethanol and ghpt. Also, reforming of bio-oil s carried out at
short contact times in the presence of structueddlysts deposited on heat-conducting supports
provides a high yield of hydrogen and syngas, wisarery important for practical applications.

The goal of this workwas the development of active and coke-resistaatysas with nickel-

containing mixed oxides as the precursors for staath steam-oxygen reforming of ethanol and
glycerol, which are the model components of bis-oll

Within the goal, the followingaskswere formulated:

1. Synthesis abulk andsupportedon magnesium-doped alumihi, Co-, and Ru-containing
catalystsbased on mixed oxides of rare-earth metals wighglrovskite structure using various
methods.

2. Investigation of the chemical composition effact the synthesis method on the structural,
textural and redox properties of the oxide preasrsmd their relations with the activity and the
stability of the corresponding catalysts in steaforming of ethanol (ESR) as well as in steam
(GSR) and oxy-steam (GOSR) reforming of glycerol.

3. Synthesis and study of structured catalystsdoase_nNp ¢Ruy 103/nMg-y-Al O3 deposited on
different porous foam supports, estimation of tlagiivity and stability in steam and steam-oxygen
reforming of ethanol in concentrated mixtures.

Thereby, three catalysts family were chosen:

1. Massive perovskite-like Ln&yNiyMxOs; (Ln=La, Pr; B=Co, Mn, Ru; x=0+0.4, y=0+0.4)

2. Supported perovskite-likenLnNig dRUy 103/nMg-y-Al,03 (Ln = La, Pr, m=10-20%wt, n=6-
15%wi)

3. Structured catalyst based oh.nNig sRUy 103/NMg-y-Al .03 supported on metallic and ceramic

foams specialized for SOFC conditions

Thus, the global scheme of the work can be reptedexs follows:
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CHAPTER 1. LITERATURE REVIEW

The 2f' century is characterized by high rates of indaktintensification, growth of
population and the living standards. The dynamicetigment of civilization increases demand for
energy in all spheres of industry, transport anélimg complexes. According to data provided by
the International Energy Agency, the world consuarpbf energy resources increased by a factor
of 1.5 from 1970 to 2008, and in 2030 the expeatedild demand for energy resources will
increase by 65-70% as compared to the level reaoh&@D7 (Figure 1.1) [1, 2].

World" total primary energy supply (TPES) from 1971 to 2014 by fuel (Mtoe) 1973 and 2014 fuel shares of TPES
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Figure 1.1.World consumption and distribution of primary soes of energyMITOE) in the
period from 1971 to 2014

As it shown on the diagram (Figure 1.1), 85% of wwrld energy demands in 2014 were
satisfied by fossil feedstocks (oil, gas and c@|l) The depletion of fossil resources is a matter
great concern nowadays. Moreover, as the most sibbesleposits are being developed, handling
of less energy density and more hard-to-get typdsealstock will increase the cost of production
and processing of such energy carriers. Therewitfireat problem is the detrimental effect from
processing of fossil sources, which are the mamseaof environmental contamination and a
growing concentration of greenhouse gases in tim@sihere. In this situation, the only way for
sustainable development of the world power industryis a transformation of existing
technologies the way the production and consumpdioenergy will not be accompanied by a
growing deficit of non-renewable natural resouraad will not lead to destructive environmental
processes. This includes the development of addaeffcient technologies for the production of
electric and thermal energy and a gradual tramsftiom conventional fuel to alternative renewable
sources of energy (ARSE), which is being implemeémtew. In 2008, renewable sources of energy
constituted ca. 19% of the world consumption ofmany sources of energy, with biofuels produced
from biomass, solar and wind energies being itsimagments [2, 4].



Biomass as a renewable G&eutral resource, is not only the subject of cahpnsive
research but is already used in some countriegglace a considerable fraction of conventional
fossil feedstock [5, 6]. The use of biomass presenatural resources, radically solves the problem
of CO, greenhouse gas emission, decreases contamindtiba atmosphere with waste SO,
and ash, and reduces the cost of the producedyefi&rg]. In 2014, first and second generation
fuels obtained from biomass satisfied 14% of theldvdemand for energy [9]. Russia, taking a
leading place in the world with respect to renewadhergy resources, both vegetable and other
types, only starts to develop its biofuel indugit§, 34]. The main cause is a relatively low cdst o
conventional energy resources and large oil anggpglies. According to the RF President Decree
No. 889 of June 4, 2008 “Some measures for enhgreciargy and environmental efficiency of the
RF economics”, the increase in power efficiency #mel development of renewable sources of
energy (RSE) for reducing energy intensity of the gtoss national product by at least 40% in
comparison with the level of year 2007 are thetastyia priorities of the Russian Federation [11].

In recent yearshydrogen energy was considered as a promising approach to solhieg
environmental problems of energy production. Aipafar interest in hydrogen as a fuel is caused
by a rapid progress in the development of fuel ahnology [12]. At present, hydrogen energy is
at the implementation step of development and utaré directly depends on the efficiency of
solving the problems of hydrogen production andiagpon; so, studies in this field are carried out
in all the developed countries of the world [13].14

1.1. Hydrogen energy and fuel cells

Hydrogen energy complies with all the requiremeots“Green energy of the future”.
Hydrogen as a fuel stands out among conventioraiggncarriers due to its high energy capacity
and absolutely environmental combustion [15, 1@)].addition, advanced technologies of its
conversion to energy (like fuel cells) increaseemergy efficiency of the process in comparison
with the existing outdated combustion engine tetdgies [17]. It should be noted that the pure
form of hydrogen does not occur in the nature iffidgant amounts, so hydrogen is not a resource
but rather a secondary fuel, which should be preduc
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A rapid development ohydrogenenergy engineering is hindered by the absence
developed infrstructure as well as by the hiccost and environmental unfriendliness of i
implemented methods diydrogen productic. Nowadays, 966 of all hydrogen is produced
industrially fromfossil source (Figure 1.2) [18].

Thus, the hydrogemproducer is employed now only in thendustries that canncoperate
without it — the productiorof ammonii as well as oil and foothdustrie.. The development of
methods for hydrogeproductionfrom eco-friendly and inexpensiaurceswill radically change

the situation in this field anid the key strategic vector of studin the worlc [13].

[ Solid Oxide Fuel Cell \

Oxidants:
air,
H,O,
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Electrolyte (€O, CH,)

/

Figure 1.3.A solid oxide fuel cell system witexternal or internal reforming biofuels

A promising direction of research and develent is the creation of power plan+
electrochemical generatorsbased orfuel cellswith the use of inexpensiwenewable resource —
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bio-oil [19]. The technology is based on fuel tmggs conversion, which occurs in the external fuel
processor over structured monolithic catalysts 2], or in the case of solid oxide fuel cell with
the internal reformer, directly at the fuel celbde with simultaneous generation of electricity,[22
23, 24] (Figure 1.3).

Fuel cell power plants become very promising duth&r compactness, high efficiency, the
absence of moving and rubbing parts, silent opmratind absence of harmful wastes [25]. Along
with the production of electric energy by statignplants, such devices can form a basis for a new
generation of vehicle engines [26, 27] Thus, theliegtion of renewable biofeedstocks for
hydrogen production, especially using a highly cgéint fuel cell technology with internal or
external reformer of fuels, is the most importandl gromising field of green energy engineering
combining high eco-friendliness and energy efficie[28, 29].

1.2. Liquid products from biomass processing: bio4g ethanol and glycerol

For today, there are a dozens of biomass processetbods, which allows one to obtain
three main types of raw materials: solid, gasea lajuid fuels, which composition could be
varying by the treatment conditions depends onr¢lqeirements. The production of hydrogen and
syngas from biomass can be performed both direadly gasification processes [30, 31] and
consecutively via the “biomass liquid biofuel -» hydrogen/syngas” transformation. The second
route is more energy advantageous and reducesasteot the initial feedstock storage and
transportation [32]. The composition and propertédiquid products from biomass processing
depend on the valorization methods and conditi@re of the most promising biofuel is bio-oil
obtained by fast pyrolysis of biomass. Main pararsebf the fast pyrolysis include a moderate
temperature (450-65Q9, high heating rate (103-105 °C/s), short contame (< 2 s), and sharp
cooling of pyrolytic vapor to suppress secondargctens [33]. In such a process, the yield of
liquid products attains 75%, and composition of tegulting bio-oil varies in dependence on the
feedstock and process conditions. A typical bioih dark-brown liquid comprising a substantial
amount of water (from 15% to 35%) and a wide seirghnic compounds: acids, alcohols, ketones,
aldehydes, phenols, esters, sugars, and aromaliodarbons [34]. However, the direct use of bio-
oil is hindered primarily by its instability in stage and high corrosive ability [35].

Ethanol and glycerol are oxygenates often considasethe model components of bio-oil;
moreover, both compounds are the most abundanidégothat are annually produced on industrial
scale. In 2014, bio-ethanol and bio-diesel constituabout 90% of the world consumption of
biofuel [36, 37].



Ethanolis produced mostly by fermentation of sugar caoen and other vegetable cultures
with a high starch content, which are successftliyivated for this purpose in Brazil, Africa, and
southern regions of Russia [38]. Recent studiesewamed to produce bio-ethanol from
lignocellulosic biomass (the so-called second garar bio-ethanol). This technology will make it
possible to use various low-cost types of biomassa deedstock, for example, agricultural and
woodworking wastes; as a result, the productioatbénol as a fuel will not compete for resources
with food industry [39]. Ethanol has some essemtiddantages: due to low toxicity and volatility, it
is convenient for storage, transportation and Wwse2008, the ethanol output from edible raw
materials in Russia was ca. 1.5 billion liters, @sdannual consumption was 0.7-0.8 billion liters,
80% of which was used for the production of alcahbkverages [10].

Glycerolis the main by-product of transesterification teacin the production of bio-diesel
and constitutes 10 wt% of the resulting target {46l 41]. In 2009, the world output of bio-diesel
reached 16.6 billion liters. The use of glyceral fydrogen production is attractive not only in
terms of renewability but also because this wibstantially reduce the cost of bio-diesel and make
it competitive at the market of modern fuels [42].

1.3. Hydrogen production from oxygenates

Various technologies are employed to produce hyetrdgom liquid biofuels [43, 44, 45]; of
special interest are partial oxidation, steam andthermal reforming [46, 47, 48, 49].
Partial oxidation of oxygenates is an exothermaxcpss with general equation is written as

CHYO; + (x- 2/2)Q < (X)CO; + (Y/2)H

The reaction is initiated by oxygenate combustibrekatively low temperatures and does not
require an additional heat supply until a steadyests established [50]. Cost-effectiveness of the
process is provided also by the use of air oxygetin@ oxidant. The process is characterized by low
yields of by-products, including methane and carbwmmoxide, which is very important for the
units that feed fuel cells, because carbon monasidgepoison for them. Partial oxidation units are
relatively compact, mobile and have a fast startihey are convenient for use, for example, in
hybrid engines [26]. The main drawback of partiaidation in comparison with all existing
methods is the lowest yield of hydrogen even atdpegmal C/O ratio and temperature [47]. In
addition, the formation of hot spots in the cataigsreported often as a cause of its sintering and
deactivation [51].

A high yield of hydrogen is a typical charactegstif thesteam reforming reaction Thus,
over 90% of industrial hydrogen is produced by steaforming of hydrocarbons, mostly natural
gas [14].



Steam reforming of oxygenates [52] is describethleyequation:

CH,0O; + (2x-2)H0 « (X)CO, + (y/2+2x-2)H

In this reaction water serves as an oxidant. & isuge advantage in case of reforming of
oxygenates derived from biomass: expensive prefingiseparation of the agueous fraction whose
content in biofuel can reach 35% limiting its apption, for example, in internal combustion
engines [52].

However, the process has some essential drawb&akst. of all, high endothermicity
consumes much energy for maintaining a high (60*@Ptemperature. Another problem is the
complexity of the process itself, which can be agganied, depending on the process conditions
and catalyst, by parallel or consecutive side reastthat decrease the yield of hydrogen and
syngas and contaminate them with by-products [W5&ddition, the reaction is thermodynamically
limited, so in practice the real yield of produigslways lower than the theoretical value [49]dAn
finally, the existing steam reforming catalysts destrate insufficient stability due to their strong
coking, and attempts to improve their stabilitydd¢a a decrease in selectivity or an increaseaeir th
cost [53].

To diminish carbon deposits, oxygen is introducedhe reaction mixture used for steam
reforming and this process is known as oxy-steaformeng. For each individual oxygenate it
could be calculated the,®i,0 ratio when the sum of all thermal effects of eaned endothermic
reactions is close to zero [54, 46]. Such a processalled autothermal [55, 56], and its main
advantage is a substantial decrease in the cokardarand energy consumption in comparison with
the steam reforming process [57]. Selectivity fgpdiogen depends on the oxygen concentration in
the mixture.

Some technologies allow enhancing the efficiencthefabove listed processes, for example,
the recovery of C@or hydrogen directly from the reaction mixtureabrthe reactor outlet. In such
cases, the yield of hydrogen can be as high as[88%%9]. However, this step will be reasonable
only after optimization of the catalyst’'s activignd stability those are the key parameters of
efficient implementation of the process.
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1.3.1. Steam reforming of oxygenates

Steam reforming of oxygenates is described by teeatl equation:
CHyO; + (2x-z)HO < (X)CO;, + (1/2y+2x-z)B (2)

This is an endothermic process that runs at higb0Q<C) temperatures and atmospheric
pressure, and is irreversible for the majorityedgents and catalysts under the indicated condition
The steam reforming process is complicated by tkegmce of competing reactions in the system.
A number of side reactions as thermal decompositié@S, methanation and others, depending on

thermodinamical conditions and substrate naturd,usmild take place in the system:

WGS CO 304> CO, + Hy  (AH?2%8K=—-41 kd/mol) (2)
Thermal decomposition «ByO; — CHnOn + gases + coke 3)
Methanation CO+38H CH; + HO  (AH?°8%=_-205 kJ/mol) 4)

The formation of carbon proceeds by the followiegeral reactions:

2C0O - COx + C (the Boudouard reaction) (5)
CHm - 1/2mH, + nC (CH decomposition) (6)
CO +H - H,O + C (CO reduction) (7

Steam gasification of coke may occur under a higtiad pressure of water in the reaction:

C+HO - Hp+ CO AHZ%8 K= 131.0 kd/mol (8)
C + 2H0 - 2H, + CO, AHZ%8 K= 89 kJ/mol 9)

The main factors determining the composition ofdoicis and the conversion depth of reagents
are the catalyst nature and the reaction conditi@msperature, pressure;®fC ratio, contact time,
and the presence of oxygen. Overall, similar treavésobserved for steam reforming of all oxygen-
containing hydrocarbons. According to thermodynaaailculations, a rise in temperatunereases
the CO/H ratio, shifting the equilibrium to the formatiom GO and HO and thus decreasing the
concentration of hydrogen, and facilitates steadorm@ing of the produced methane. High
temperature is required also for a complete comwersf oxygenate [49]. According to theoretical
calculations and experimental data, the lower & ghessurethe higher is the yield of gaseous
products and conversion of oxygenate [85]. The &irom of carbon deposits also decreases due to
weakening the bonds between the adsorbed coke rpogsuand the catalyst surface [69]. A
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pressure of 1-2 atm is accepted as optimal fornsteaforming because it is economically
unreasonable to create a decreased (<1 atm) pedssilne reaction system. The partial pressure of
reagents can be decreased by diluting the reantigture with an inert [85]. The ¥D/C ratiois

also the key parameter. at a fixed temperature,ingrease in the ¥D/C ratio above the
stoichiometric value increases the conversion gigerate and decreases the CErvatio and the
amount of carbon deposits. A reason is that a bmfttial pressure of water vapor increases the
contribution of steam reforming of the oxygenatel ateam reforming o€O (water gas shift
reaction, WGS); in addition, steam gasificatiorcafbon may occur [60]. However, the amount of
overstoichiometric water is strongly limited by heological expenditures: the cost of the diluted
mixture evaporation sharply increases as comparadhtiiluted one. The choice of the optimal
contact timeis important for efficient catalyst operation. @ag for all oxygenates, short contact
times not only decrease the substrate conversidrilenyields o, andCO but also increase the
selectivity for by-products, including coke [69].

The introduction of oxygem the reaction medium is widely applied for reithgcthe amount

of carbon deposits. In the case of transition mesalysts, the optimal O/C ratio prevents the
formation of filamentous carbon. As was shown ia #tudies, the amount of amorphous carbon
also decreases. Depending on the O/C ratio, partidmplete oxidation of both the oxygenate and
all intermediate and final compounds, including toggen, can occur. The addition of oxygen
increases the initial conversion of the oxygendéereases the yield of hydrogen, and increases the
yield of CO, for all the catalysts [46].

In the next two sections, the latest advancesarsttam reforming of ethanol and glycerol
reactions investigation will be considered in moetail.
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1.3.1.1. Steam reforming of ethanol

The total equation of ethanol steam reforming cambtten as
C,HgO + 3HO — 2CG + 6H, (AH?%8 K= +174 kJ/mol ) (20)

Hydrogen production by steam reforming of ethasabeing intensively studied now. Recent
advances in this field are summarized in reviewls 2, 14, 63], particularly those devoted to the
reaction mechanism [64, 65, 66]. The main reactamt®mpanying steam reforming of ethanol are
listed in Table 1.1.

Table 2.1.Reactions accompanying steam reforming of ethanol

Reaction General equation

SRE in sufficient amount of water C,HsOH+3H,0 — 2CO,+6H,
SRE at a water deficit C,HsOH+H,0 — 2CO+4H
Dehydrogenation C,HsOH — C,H,O+H,
Decomposition of acetaldehyde CH,O— CH, + CO
Steam reforming of acetaldehyde C,H,0+H,0 — 3H,+2CO
Dehydration C,HsOH — C,H, + H,O
Water-gas shift reaction CO+HO—-CO,+H,
Steam reforming of methane CH; + H,O — CO + 3H,
Dry reforming of methane CH;+CO, —» 2C0 + 2H,
Thermal decomposition C,HsOH — CO+CH+H,

2C,HsOH — C;HO+CO+3H
2C,HsOH — CO,+3CH,

Acetone formation 2C,Hs0H+H,0O — CH;COCH3+ CO, + 4H,
Methanation CO +3H — CH; + H,O

CO, + 4H, —» CH, + 2H,0

C,HsOH+2H, — 2CH,+H,O
Polymerization of ethylene C,H4 — polymerized deposits
Decomposition of methane CH,—2H, + C
The Boudouard reaction 2CO0O—-CO,+C

Lots of studies are devoted to thermodynamic arslykethanol steam reforming [67, 68,
69]. Figure 1.4 shows the distribution of ethartelhsn reforming products at a fixed stoichiometric
water/ethanol ratio equal to 3 and 6, and a pressiut atm versus the process temperattitiganol
conversion over the entire temperature range i841Q@hile hydrogen, CO, C{and CH are sole
products of the reaction at 200-1000 °C. As thepinatture is raised, concentrations of methane
and CO, decrease, whereas those of &d CO increase, and at a temperature above ¢00 °
hydrogen,CO and CO, become the sole products of the reaction. Thiglested to an increased
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contribution from steam reforming afO and methane. The hydrogen concentration has a

maximum in the region of 650-700 °C.
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Figure 1.4 The temperature dependence of products concentiatethanol steam reforming in

thermodynamic equilibrium at a water/ethanol ré8¢E) = 3 and 6.

The dependence of reaction products distributiotherwater contens displayed on Figure

1.5. Overall, the addition of overstoichiometricteraincreases the selectivity for hydrogen, and
when the water/ethanol ratio exceeds 4, carborppéss from the reaction products. Thus, in
terms of thermodynamics, the optimal conditionsdtitanol steam reforming are the temperature
range of 550-650 °C and the water/ethanol rati. Under the indicated conditions, a theoretical
yield of hydrogen exceeds 4 mob/mhol EtOH, and coke formation becomes thermodynaltyic
disadvantageous [67]. Numerous experimental datdhfsse conditions demonstrate that ethanol
conversion and selectivity for reaction productsragly depend on the chosen catalyst (see Section
“Catalysts for steam reforming”).

The reaction mechanism of ethanol steam refornsngt clear as yet. As for the majority of
heterogeneous catalytic reactions, the key to wwtaleding the mechanism is related to
identification of the intermediates formed at ttsatyst active sites. However, the spectroscopic
methods studying the intermediates formed on thalyst surface, are difficult to use under real
reaction conditions at high temperatures. The amalyf kinetic data on the distribution of products
at the reactor outlet gives possible transformatares of ethanol and its derivatives [70, 71, 72,
73, 74]. A combination of such studies, theoreticallculations and spectroscopy studies under
conditions differ from the reaction conditions maiepossible to suggest different reaction
mechanisms [64, 65, 66].
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Figure 1.5 Distribution of ethanol steam reforming produ@s} &nd selectivity for hydrogen and
carbon deposits (b) in thermodynamic equilibriunisus temperature and water/ethanol (S/E)
ratio.

Overall, the researchers have agreed on the mgulargies of ethanol steam reforming.
Thus, in the first step, ethanol is dissociativatisorbed on the catalyst surface; depending on the
nature of the active metal, cleavage of either@d (transition and noble metals) or C-H (noble
metals) bond occurs. Although in the gas phasditiding energy of C-O is lower as compared to
that of O-H, the transfer of an electron pair fraxygen to the catalyst surface results in the
formation of an energetically advantageous eth@egies with the retention of the C-O bond [64].
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The transformation of this ethoxy intermediate ganceed by two competitive routes —
dehydrogenation and dehydration. In the first casegtaldehyde is formed, and its further
transformations lead to consecutive hydrogen atistraand formation of surfade,H,0, species.
The cleavage of the C-C bond becomes energetiadintageous in the last steps of the process
and results in the formation o€H, species, which can be hydrated to form methamkelydrated
with subsequent oxidation of *C species to CO @ag. Dehydration of ethanol takes place when
the catalyst contains acid Lewis sites decreadnegactivation barrier for C-O bond cleavage,
which leads to the formation of the C=C double hared ethylene. Ethylene is the main precursor

of carbon deposits and polymerizes on metallicfehe catalyst [75].
1.3.1.2 Steam reforming of glycerol

The total equation of glycerol steam reforming barwritten as
CsHgOs+ 3H,O — 3CO+ 7H, (AHp= +128 kJ/mol) 1j1

A considerable progress in the study of glycereast reforming over recent years was summed
up in reviews [76, 77, 78, 79]. Along with therm@composition and, in the case of oxygen

introduction, partial oxidation of glycerol,

CsHgOs; — 3CO + 4H (12)
C3HgO3 + 3120 — 3CQ, + 4H, (13)

a large number of parallel reactions proceed instfstem, the main displayed on Figure 1.6 [80].
As can be seen on the scheme, the process caderitle formation of liquid by-products, such as
acetaldehyde, methane, acrolein [81, 82], acetoydroxyacetone, acetic acid, allyl alcohol, and
others [83]. Further transformations of these commois depend on the catalyst properties and

process conditions.
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Figure 1.6. A scheme of main transformationssteam reforming cglycerol.

The reaction ighermodynamically mited [84, 85 ,86]Detailed calculations werearlier

made also alCPEES, University ¢ Strasbourg, and presented in thieD Thesisby M. Arago
[87].

mol/mol glycerol
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Temperature (°C)

Figure 1.7. The distributiorof selectivities for the reaction productsghycero steam reforming
in thermodynamic equilibriurversus temperature at the water to ethaaid of3: ¢ —H,, 0 —
CQC,;, A —CO,x — CH,, © — H,0 [87]
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Figure 1.7 displays the temperature dependencelettsvity for glycerol steam reforming
products at a fixed stoichiometric ratio water/gya = 3 and a pressure of 1 atm. [87]. Three main
temperature ranges can be distinguished: below°@0®ater is not a reagent, and its role is
reduced to shifting the equilibrium of methane aatbon monoxide steam reforming. In a
temperature range of 300-80Q,°the formation of hydrogen and carbon dioxide éases with a
maximum in the region of 70 and at temperatures above 800 °g, €O and CQare the main

products of the reaction.
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Figure 1.8.Distribution of the main reaction products, KO, CQ, CH, in steam reforming of

glycerol in thermodynamic equilibrium: dependenogemperature and water/glycerol ratio [87]

Investigation of the effect produced by water cahia the reaction mixture on the products
distribution (Figure 1.8) revealed that the maximiayarogen yield is observed at 600-7@0 &nd
increases with the water/glycerol ratio [87]. Waagd co-authors examined also the effect of
oxygen introduction in the reaction medium and ¢athed that an increase in the oxygen content

above O/glycerol = 0.4 decreases the hydrogen {881 Summarizing all the listed data, one can
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obtain the optimal conditions of the process: aperature of 580-700 °C, a water/glycerol ratio of
9-12, and atmospheric pressure [88, 84, 85, 87, 89]

In the case of glycerol steam reforming, elucidatad a detailed reaction mechanism is
complicated by a large amount of intermediatessarahgly depends on the process conditions and
catalyst [90, 91, 92]. By now, the overall effegeded by the nature of adsorption sites on theamai
steps of glycerol transformation has been reve&] and possible reaction mechanism for
platinum-containing catalysts have been proposéf [9

1.3.2. Coke formation in steam reforming as the mawoute of catalysts’ deactivation

Carbon formed in steam reforming is usually dividlei two main types — amorphous and
filamentous. Amorphous carbon is attributed to Istédwrms of deposits which could be oxidized at
temperatures above 800 °C. Amorphous carbon isddrby two different routes: via dehydration
and cyclization of alkenes on acid sites of thedexsupport [94, 126] and via decomposition of
adsorbed CKkispecies formed at metal sites [128]. Such a cacbeers both the metallic particles
and the support surface, thus blocking active sudsch leads to deactivation of steam reforming
catalysts. In the case of transition metals, thedpced carbon can dissolve in a metal with
subsequent growth of carbon fibers. The formedmidatous carbon is less stable and can be
oxidized already at the reaction temperatures (<)(120, 121]. Catalyst’s deactivation in this
case takes place due to detachment of a metatlparom the support surface during the growth of
fibers (the “intrusion” mechanism) [95]. The is@dtmetal particle is still active in steam reforgin
reactions; however, after regeneration the catalgstity is not restored and the number of its

working cycles sharply decreases.
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1.4. Catalysts for steam reforming of oxygenates

In recent 15 years, many studies were devotedviestigation of ethanol and glycerol steam
reforming. Studies on the activity and stability a#talysts of different chemical composition as
well as methods of their synthesis, which demotestsame progress in the field, are reported in
reviews [61, 62, 96, 97]. However, the problem efctivation of the highly active catalysts for
steam reforming of oxygen-containing hydrocarboue tb their coking in the long-term testing
remains unsolved, and the design of inexpensiveeaahd stable catalysts is still a topical task.

A typical catalyst for steam reforming is an actimetal deposited on the oxide support, most
often with different modifying additives. The kegctors determining activity and stability of such
catalysts in steam reforming reactions are theraand dispersion of a metal, its interaction with
the support and promoters, as well as the spestifiace area and acidity of the support.

1.4.1. Activity of metals of different nature in talysts for steam reforming

Noble and transition metals are highly active ieast reforming reactions. Among noble
metals, most active in steam reforming are Rh §88,100, 101], Pt [94, 102, 103, 104], Pd [72,
105, 106, 107, 108] and Ru [109, 110, 111] in tmmpgerature range of 300-75Q at a metal
content in the catalyst of 0.5-5 wt.%. These methtswv high activity in the cleavage of C-C bond
due to their electronic structure [112, 113, 114H.a result, a complete conversion of ethanol is
reached already at 40Q “irrespective of the support. Such catalysts ensueehigh yields of
hydrogen and syngas as well as the low formatitesraf carbon deposits [115]. In spite of their
efficiency, the high cost of noble metals hindéesiitindustrial application. Among all noble metals
active in steam reforming of oxygen-containing fogérbons, ruthenium is the most accessible
one; however, in steam reforming catalysts it iplryed more often as a promoter but not as the
main active phase. It some studies it was notediththe synthesis under similar conditions, the
dispersion of supported ruthenium can be much loagecompared to other noble metals. This
substantially decreases the activity due to fastctivation caused by both the coking and the
further coarsening of the particles as a resuklitering in the reaction [116, 117]. Nevertheless,
when highly disperse ruthenium particles are gtadull on the surface, such an additive, for
example, to transition metals essentially enhattoesatalytic activity [118].

Among transition elementsnost used are Ni and Co as well as Fe and Cu.c®h&nt of

these metals in the catalysts ranges from 1 totZ&whe working temperature in steam reforming
Is 500-800 €, and the catalytic activity decreases in the secgieNi— Co— Fe— Cu [80]. Such
a dependence is related to the fact that nickelcaha@lt are able to cleave both the C-C and C-H

bond, whereas iron is active mostly toward thevadge of only the C-C bond, and copper — only
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for the C-H bond [80, 119]. The activity of nickehd cobalt compares well with that of noble
metals; however, their main drawback is fast coKi@p]. It is well known that only amorphous
coke is formed over noble metals, while transitioetal catalysts are characterized by the
formation of both the amorphous and filamentousaay which substantially deteriorates their
stability in the long-term testing [95, 121]. Hovesey the low cost of transition metals attracts
considerable interest in such catalysts and inspiesearchers to search for solutions of the
problem.

Catalysts based on cobahow high activity in diluted mixtures in steanforening of both
ethanol [122] and glycerol [123] along with fastadgvation due to strong coking. In addition to
coke formation, an essential drawback of cobaltaomg catalysts is their deactivation under the
reaction conditions due to the oxidation of actimetal particles [124]. At present, nickisl the
most studied, inexpensive and promising componesteam reforming catalysts. High activity of
nickel catalysts along with their strong coking evelemonstrated in many studies [125, 126, 127,
128].

1.4.2. The size effect and approaches to enhandhegstability of nickel-containing catalysts

The effect of metal particle size on resistancecoting was first revealed for nickel-
containing catalysts in methane reforming reactifit?9]. It was shown that dissociation of
methane with the formation of carbon takes placehenensembles consisting of seven and more
nickel atoms. If the size of ensembles is smal@ntthe critical value, the dissociation does not
occur and coking is not observed [130]. Filamentoabon is formed on the particles with the
diameter greater than 6 nm [131]. The larger th@ahparticles are, the higher the reaction intgnsit
Is [132, 128]. The decrease or inhibition of cokatigan increased dispersion of nickel was revealed
in many studies, particularly for ethanol [133] agtgcerol [134] steam reforming catalysts.

The size of metal particles and the strength oir tieraction with the support are
determined by the state of nickel in the oxidizathtyst precursor. The interaction strength can be
estimated from the position and intensity of hydmogbsorption peaks when studying the reduction
of nickel-containing precursors using temperatuagmmmed reduction of hydrogen (TPR}H
Thus, the reduction of nickel from bulk NiO oxidecars at a temperature of 300-4@0[153].
Supported catalysts (NiO/TgD NiO/ZnO, NiO/CeQ, NiO/SIO,, NiO/Al,O3) prepared by
impregnation are characterized by a weak interaatith the support. Nickel particles, which are
formed at 300-600C in this case, commonly have a size above 100 ninsaow a tendency to
further sintering in the reaction [80, 134, 13501442,136]. Nickel can be incorporated in the

support structure with the formation of solid sauas (for example, NiO-MgO) and mixed oxides,
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which results in the appearance of highly dispeiskel metal particles due to strong interaction
with the support [137]. The formation of Ni&, spinel is well known for the most popular
Al,O3 support. In this case, to obtain active metaliged, the reduction should be performed at
high temperatures (about 900 °C). Surface modiGoabf alumina with alkali-earth or rare-earth
elements decreases the interaction strength amdages the dispersion of the produced particles
[138]. A substantial decrease in the nickel reductemperature at a strong interaction is observed
for mesoporous structures, and the size of the ddrparticles commonly does not exceed 6 nm
[139]. It was shown [157] that in mesoporous Ca(MgP, spinels nickel resides in non-
stoichiometric highly disperse oxides that are pediuat 600-65@. Thus obtained nickel particles
have the mean size of 3-5 nm after the reducti@D@fC and do not sinter (6-8 nm) after 40 hours
of operation in combined steam and dry reforminghnethane at 800°C.

The size of metal particles can be decreased suladha also by the synthesis of catalysts
from perovskite precursors [140, 141]. It was shojg83, 195] that after the reduction at
temperatures above 400 °C, the catalysts obtanosd the LaNiQ perovskite precursor consist of
15-20 nm nickel metal particles anchored on théaserof lanthanum oxide L@s. The resistance
to sintering of such systems is determined by tiergcal composition of the initial perovskite. For
example, a comparison of nickel particle sizeshim €eNiQ catalyst before and after the reaction
revealed a pronounced sintering (3© 109 nm), whereas for the LaNjGample virtually no
coarsening of the particles 2021 nm) occurred [198]. In [196], a similar resista to sintering
observed for LaNi@ in autothermal ethanol reforming was attributedatstrong interaction of
nickel with the LaO,CO3; phase formed in the reaction. Iron-containing pskades of the AFRNi1-

«O3 type are able to retain their structure after rib@uction up to 900C. Nevertheless, under
reduction conditions at temperatures close to @50nfckel and iron cations partially segregate to
produce a highly disperse (6-30 nm) Ni-Fe alloyséime cases, the process is reversible and such
perovskites can restore their structure after aation [199].

A highly efficient way enhancing the stability oftkel-containing catalysts is the dilution of
the active component ensembles using bimetallitesys where the formation of an alloy may
occur: Ni-Co [142, 143], Ni-Cu [26], Ni-Fe [144] oCo-Fe [145]. The addition of iron is
accompanied by a synergetic effect, owing to whrcm facilitates steam reforming of carbon
monoxide and increases the selectivity for hydrogen

The promotion with noble metals, for example ruthen diminishes the formation of
filamentous carbon due to dilution of nickel atoamsl stabilization of highly disperse particles in
the long-term testing [146, 147], as well as lowgrithe reduction temperature of nickel via

hydrogen spillover [118]. Some researchers notsdyaificant decrease in the amount of carbon
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deposits in the case of nickel-containing catalpstsnoted with molybdenum [148, 149, 150]. In
[151], an essential decrease in the carbon formatamte was attributed to the ability of
molybdenum to activate water with subsequent oiadadf Ni-C and Ni-CH particles adsorbed

on the surface of metallic nickel.
1.4.3. The effect of support properties on actiwityd selectivity of nickel-containing catalysts

To ensure efficient distribution and anchoring be tactive metal on the surface, it is
necessary, first of all, to use whose supports withigh specific surface area, which are able to
provide a strong metal-support interaction in otdeprevent sintering and coking of metal particles
in the reaction. The “high” specific surface areacommonly above 100 #g; it facilitates high
dispersion of the active component and diminishetisng of the particles. Various supports are
reported in the literature-Al,O5 [119], SiO, [152], CeQ [172, 181, 182]ZrO, [136], TiO, [153],
more rarely carbon [154], and mesoporous oxides,[156, 157].

Alumina is chosen most often as a support owingstdow cost, high specific surface area
and high thermal stability. However, its applicatio unmodified form is unacceptable because the
surface concentration of acid sites is too highe Toordination of aluminum with respect to
oxygen atom corresponds to the Lewis acid-baseaictiens; the stronger is the interaction, the
higher is the proton acidity. Such sites were fowadcatalyze the dehydration of an oxygen-
containing hydrocarbon resulting in the formatidnGa. compounds with the double C=C bond,
which are further polymerized on metal sites tonfastable carbon deposits leading to catalyst
deactivation [94, 126]. The relationship betweenfase acidity and catalytic activity in coke-
formation reactions is well studied in the liter&uSurface acidity is analyzed using temperature-
programmed adsorption/desorption of ammonia, pyediand formic acid, as well as IR
spectroscopy [158, 159, 160, 161, 162, 163]. Thdiss revealed that a decrease in the strength
and concentration of Lewis acid sites makes it iptesgo avoid undesirable route of the reaction
and significantly decrease the amount of carborsiepformed in the reaction. In this connection,
widely accepted is the approach based on promatisgpport with the elements whose oxides
possess basic properties. Surface modification alkali-earth elements, primarily magnesium and
calcium, not only decreases the surface acidity[165, 166, 167] but also stabilized nickel on the
surface [168, 169, 170]. The enhancement of stplaitid selectivity for hydrogen after the addition
of alkali metals was also noted in the literatureparticular, it was shown that potassium [171,
172] and sodium [173] can inhibit the methanatieaction, thus sharply decreasing the amount of
coke and increasing the selectivity for hydrogeme promotion of the support surface by rare-earth

elementssuppresses the growth of nickel crystallites, tipwsventing the formation of large
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particles that are necessary for coke formatiod, tanders the reoxidation of metallic nickel in the
reaction [174, 175, 176, 177, 128].

Resistance to coking can be improved significaftly using oxides with high oxygen
mobility as the supports. These are the mixed exidaving the spinel, fluorite or perovskite
structure, and some oxides of rare-earth elemémesmost popular of which i€¢O,. Ceria is
employed as both the support and the promoter ofenmeexpensive supports [178(eO,
minimizes coke deposits due to active oxygen [1T7&¢jlitates high dispersion of nickel, and
increases selectivity for hydrogen by promotin@steeforming of methane and carbon monoxide,
which are the main intermediates that are formedsteam reforming of oxygen-containing
hydrocarbons [46, 180, 181, 182].

Mixed oxides with the perovskite structure possastsonly high oxygen mobility but also
some additional unique properties due to which thieysometimes considered as «the substitutes

of noble metals for catalysis» [183].
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1.5. Mixed oxides with the perovskite structure
1.5.1. Structural features

Oxides with the perovskite structure have long blegown and widely applied in catalysis
due to a unique set of physicochemical properii88].

Perovskite-like oxides include a wide range of mlixides with the general formula ABO
where A and B cations can be represented by meitbns satisfying the condition of
electroneutrality (the total charge +6) and thecsfal steric relationships. Cations A commonly
have the ionic radii close to that of oxygen and ba represented by rare-earth (La, Pr, Sm, Ce),
alkali-earth (Ca, Mg, Ba, Sr) or alkali (Na, K) rakst Cations in position B should have a much
smaller ionic radius and can be represented bynidgerity of transition metals (Fe, Ni, Co, Cu, Ti,
Cr, Ru, Mn and others).

The perovskite structure is the framework congjsiih BOs octahedra jointed at all their
vertices — oxygen atoms, amd);, cuboctahedra formed between them (where A Bratoms

reside at the centers of polyhedra, respectivéligufe 1.9).

Figure 1.9.The polyhedral structure of the ideal perovskii®03;. Red spheres correspond to
oxygen atoms, yellow — to cations of sublatticeaA¢ gray — to cations of sublattice B.

Perovskite’s structure is to a large extent flexiahd can undergo substantial changes with a
possible lowering of symmetry or formation of désgaemaining within the perovskite structural
type. Distortions can be caused by polyvalenceoti the rare-earth and transition metals as well

as by the substitution of atoms in positions A and, which are compensated by changes in the
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bond length, mutual shift of octaherda, and fororatof oxygen and cation vacancies. Such
flexibility ensures the following nontrivial propess of perovskites:

1. Depending on external conditions, perovskites @ecumulate non-stoichiometry oxygen
due to the ability of a transition metal to haveesal oxidation states. Strictly speaking, it isreno
correct to write the perovskite formula as ABOwhered indicates a deviation from the ideal
composition in real samples and theoretically carywn a range of & 6 < 1 [184]. As a result,
such defect structures have oxygen mobility andahie to generate active oxygen on the surface.
Being applied to the reforming of biofuels, thidgseto burn the coke precursors, which are formed
during the reaction at the metal-oxide interfageq ¢his way strongly increases stability of the
catalysts [185].

2. Under reduction atmosphere a partial segregati@ations occurs with the formation of a
defect perovskite structure and highly dispersethhparticles strongly bound to its surface [188].

3. The perovskite composition can be modified Ipagtial substitution of cations in both the
A and B positions. In this case, the perovskitenfala is written as$\ A’ 14B,B’1,03; stability of

the resulting structure and its substitution linate theoretically estimated using the Goldschmidt

ra+To

tolerance factot = Tamir

wherer; denotes the ionic radii of A and B cations andgexyion,

respectively. The lattice geometry determines aradile distortion within the tolerance factor
variation from 0.8 to 1 [186]. Due to the differenio the properties of cations B and B'/A and A’,
the number of oxygen vacancies in the substituezdyskite can increase several-fold. As a result,
such systems possess much higher oxygen mobiltgrapared to unsubstituted perovskites [187].

1.5.2. Perovskites as the precursors of fuel refangncatalysts

The above listed properties make perovskites veomgsing for application in catalysis
[188]. The efficiency of perovskite catalysts iniadation reactions was first demonstrated for the
partial oxidation and dry reforming of methane, véheoking is the main cause of deactivation
[189]. As was shown earlier, perovskites-basedlystgarequire a preliminary activation, and the
metal-oxide active phase is formed in a reducingliome with a partial or complete removal of
cations from the lattice. For the catalysts syr#tesk from perovskite precursors, resistance to
coking is caused by a high dispersion of metaliglad, which decreases or inhibits coke formation
according to the theory of ensembles, and by oxygehility facilitating the reoxidation of coke
precursors [190, 191].

Many works deal with investigation of the LaNiGxide as a perovskite precursor of catalysts
for steam and steam-oxygen reforming of ethano [193, 194, 195, 196, 197, 198]. In work

[193], stability of two catalysts was compared. Tinst catalyst was obtained by the reduction of
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LaNiOs; perovskite, while the second one was synthesigathpregnation of lanthanum oxide with
a nickel nitrate solution followed by calcinatioh Mi/La,Os. In the case of supported sample, the
amount of carbon deposits after ethanol steam mefgy was found to be 6-fold greater. A
considerable decrease in the coke amount on LaN#&ples as compared to NifOg was
demonstrated also in [196]. For a series ofdeaNiO3 catalysts, a direct dependence of carbon
deposits on the size of nickel particles was reactfl98].

High activity of the catalysts with substituted quesors in ethanol steam reforming was
shown for various perovskites: LaFeNif299], La.AxFe,NiyOs (A = Ca, Sr) [200, 201], La
xSkFeyCo/03 [202], LaxCaFeCo0Os [203], and LaXCo@ (X = Mg, Ca, Sr, Ce) [204]. The
formation of the Ni-Fe alloy essentially enhandas ¢atalyst stability in the long-term testing and
provides high yields of hydrogen due to accelematmf CO steam reforming [205]. The
incorporation of noble metals in the perovskiteisture facilitates a further increase in its siapil
An earlier study performed in our laboratory demrated a high stability of the catalysts based on
LnFeyNi(M)yOs (Ln = La, Pr, Ce, Sm; M = Mn, Ru) in dry reformiin§ methane. Stability was
most pronounced in the ruthenium-doped catalyséstddormation of intermetallide nanoparticles
strongly anchored on the oxide support surface,[208, 208, 209, 210, 211, 212].

Perovskites can be used also as the supports wgth dxygen mobility; in this case, the
active metal (Ni/Co or Pt) is deposited on the exidrmed (LaAlQ, SrTiG;, BaTiO; [213],
CaTiO; [214], LaFeQ@ [215]) by classical methods. Overall, such catalysave larger metal
particles that tend to sintering under the reactimmditions.

Perovskites as the catalyst precursors were studieteam and autothermal reforming of
glycerol [216, 217], bio-oil (LaxKxMnQOs3) [218] and heavier oxygen-containing hydrocarbons
[219], which revealed their high activity.

In spite of the listed advantages, perovskites laavessential drawback (in addition to a high
cost of their components): standard values of §ipestirface area for such systems are usually not
higher than 10-20 fig [220]. Recently, a promising approach was regbiin the literature: it
allows not only decreasing the percentage of avs&ite in the catalyst, which significantly
reduces its cost, but also increasing the spesifitace area of the synthesized catalyst. The
proposed method consists in the deposition of avs&ite on the oxides having high specific
surface areas. The supports can be represented,®y |[R21, 222, 223], Si®[196], ZrC, [224,
225, 226], cordierite [227], etc. There are onlyea studies in the literature where supported
perovskites are used in the reforming of oxygent@iomg hydrocarbons; therewith, optimal results

were obtained when the surface was preliminarilgifed to decrease its acidity [197, 228].
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1.5.3. Methods for the perovskites synthesis

The first perovskites for catalytic applicationsrev@btained by the solid-phase sintering or
the ceramic method requiring high temperatures andbng-term synthesis. Thus obtained
perovskites had a poorly developed specific surfacea (~ 0.5 Aig), an in the case of
multicomponent systems — a non-uniform distributafrcations over the oxide volume [229]. At
present, there are many methods that allow optngizboth the structural and textural
characteristics of the produced perovskites. Tieealiure provides various techniques based on co-
precipitation [193], complexation [192, 199, 20012230], mechanical activation [231] and freeze
drying [232], as well as sol-gel methods in inorigd@33] and organic [185, 198, 216, 234] media.
To obtain the maximum specific surface areas, thesthods can be combined with the use of solid
mesoporous templates [235, 236, 237, 238].

An efficient approach to the synthesis of complaxtication perovskites has been proposed

by an American chemist M. P. Pechini [239].
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Figure 1.10.The formation of the polymeric matrix including takecation, citric acid and ethylene
glycol during Pechini synthesis.

The Pechini method, or the method of the polymdrizescursors, is a particular case of the
sol-gel method and consists in a gradual formatiotine organic polymer matrix with metal atoms
that can reside in its nodes (Figure 1.10). Inpeeess, organic precursors are represented Iy citr
acid (CA) and ethylene glycol (EG), and a sourcmefals — by nitrates, which are readily removed
by annealing. The process occurs under vigorousnstiperformed for a long time to ensure the
most uniform distribution of cations in the reaatimixture. The synthesis does not require many

laboratory facilities, complicated setups or expangeagents.
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The synthesis methods for supported perovskitesritbesl in the literature include
depositing active metal precursors from aqueousr@anic solutions on the preliminarily prepared
oxide supports [197, 240].

1.6. Structured catalysts: supports and additionatequirements

It was shown recently that the maximum efficienéywarious industrial catalytic processes
is reached with the use of structured catalytidesys [241, 242, 243]. The main advantage of
structured catalysts in comparison with granulatees is the high efficiency of mass transfer at a
low hydraulic resistance, which makes it possibl@érform the process at short contact times. In
this connection, it is possible to decrease dinmrssof the reactor and a necessary amount of the
catalyst without a loss in productivity.

Such technologies are being developed intensisly far the transformation of biofuels to
syngas and hydrogen [20, 21, 244, 245, 246, 24&falgsts for such processes should be highly
active in the target reaction, compatible with mate of the structured support (or anode of the
fuel cell), and strongly anchored on their surfa¢arious structured supports can be used to obtain
monolithic catalysts for transformation of biofueteramic [20, 21, 244-247], metallic [248, 249],
and cerametallic [250]. In recent years, techn@sgippeared for the production of structured foam
carbon-containing supports with the surface pretétty a layer of metal and/or oxide stable under
the working conditions. Such supports possess khgihmal and electric conductivity, unique
strength, low specific weight and compatibility witlifferent types of materials (metals, oxides,
etc.). Nickel is most promising for use as a metahpatible with carbon, and corundum — as a
protecting oxide [251].

The structured platelets containing catalysts wigiemonstrated high performance in diluted
mixtures as fractions should be produced and testgdlot reactors. This will be the next step
toward industrial implementation of the technolothat will help to estimate compatibility,

efficiency and stability of the catalytic systemaperation under real conditions.
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1.7. Conclusion to the literature review

The analysis of the literature data revealed a higérest of researchers in studying the
transformations of liquid products from biomassgessing to hydrogen and syngas, in particular,
steam reforming of oxygen-containing hydrocarbofistypical steam reforming catalyst is the
active metal deposited on the oxide support, contyneith different modifying additives. Activity
in the reaction can be provided by noble (Pt, P, Ru, etc.) and transition (Ni, Co, Fe, Cu)
metals. It is well known that on noble metals oaiyiorphous coke is formed, whereas transition
metal catalysts are characterized by the formatioboth the amorphous and filamentous carbon,
which substantially decreases their stability ie kbng-term testing. Nevertheless, the use of noble
metal catalysts is economically disadvantageoushiBiconnection, the best studied, inexpensive
and promising component of steam reforming catslistickel. High activity of nickel catalysts
was demonstrated in many studies, along with gtedng coking.

As follows from the analysis of the literature, tloemation of a stable and selective nickel-
containing catalyst for steam reforming of oxygemtaining hydrocarbons should start from
optimization of a set of parameters determiningddwalyst behavior in carbon formation processes.
In steam reforming, carbon is produced by the twiter@nt routes: via decomposition of the
adsorbed CH particles that are formed on metal sites, anddehydration and cyclization of
alkenes on acid sites of the oxide support. Thbataproduced can be dissolved in the metal with
subsequent growth of carbon filaments.

In the first case, nickel particles should be dizdxl in a highly disperse state to suppress
coking. Highly efficient approaches to the synthesf such systems include the use of mixed
oxides, for example perovskites or spinels as #talyst precursors, as well as the dilution of alck
atoms and stabilization of highly disperse partiaké the active component in bimetallic systems
(Ni-Fe, Ni-Co, Ni-Ru) where an alloy can form [25253]. In addition, to provide efficient
distribution and anchoring of the active metal ba surface, it is necessary to use supports with a
high specific surface area, which can ensure angtroetal-support interaction to prevent both
coking and sintering of metal particles in the tiac

A decrease in the strength and concentration ofid@eid sites of the support makes it
possible to avoid the undesirable dehydration rauig essentially decrease the amount of carbon
formed in the reaction. In this connection, theigdibry step of catalyst optimization is its
modification providing basic properties of the sagpsurface. Alumina is the most often selected
support due to its low cost, high specific surfacea and thermal stability. Modification of alumina
is performed by depositing basic oxides of alkald alkali-earth elements, the most commonly

used is magnesium.
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CHAPTER 2. EXPERIMENTAL TECHNIQUES

2.1. Materials preparation

2.1.1. Reagents and materials
The reagents listed in Table 2.1 were used forgyegmn of solutions and served as the
precursors.

Table 2.1.Reagents used to synthesize catalysts for thg stud

Reagent Chemical purity Manufacturer
Ni(NO3),*6H,0 pure for analysis Reakhim
Co(NGs)2*6H0 pure for analysis Reakhim
Fe(NG)2*9H 0 pure for analysis Reakhim
La(NOs),*6H 0 chemically pure Vekton
Pr(NGs)2*6H,0 chemically pure Vekton
RuOCk chemically pure Reakhim
Mg(NO3),*6H,0 chemically pure Reakhim
AIOOH Disperal highly pure Sasol
Citric acid (CA) chemically pure Reakhim
Ethylene glycol (EG) pure for analysis Laverna

2.1.2. Synthesis of lanthanide ferrites Lnizg,MxRuyOs and 5%\ /PrFeOs

The catalyst precursors — substituted ferritesacé-earth elements with the general formula
LnFe.«yMyRWOs (Ln = Pr, La, M= Ni, Co, x = 0.3; 0.4 y = 0; 0.3)were synthesized by the
organic polymeric precursor method, which is thedifed Pechini method [239]. The synthesis
was performed using crystalline hydrates of nigaiéthe corresponding cations, citric acid (CA,
chemically pure), and ethylene glycol (EG, pureda& molar masses of the nitrates were found by
thermal analysis. Ethylene glycol and citric acidravused as complex formers. The reagents were
taken at a molar ratio CA : EGEy (metals) = 3.75:11.25:1. Citric acid was dissolweethylene
glycol under vigorous stirring and weak heating -880 °C). The solution cooled to room
temperature was supplemented with a necessary ambumystalline hydrates of metal nitrates
under vigorous stirring. A complete homogenizatiook ca. 2 hours. The resulting mixture was
evaporated under stirring to obtain a thick polynaerd calcined in a muffle furnace to 700 or 900
°C for 5 hours.
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Supported reference catalysts 5%Ni(Co)/Pri-e@re prepared by impregnation of the
PrFeQ perovskite, which was synthesized by the modifedhini method and calcined at 700 or

900°C, with aqueous solutions of cobalt or nickel néréollowed by drying under an IR lamp and

calcination at 500C.
2.1.3. Synthesis of supported mLNR U 10s/n%Mg-p-Al,O3 samples

Catalysts mLnNjoRW 10s/n%Mg-y-Al,O5 (Ln = La, Pr, x= 0; 0.6, m=10; 20, n = 6; 10; 15)
were obtained by impregnation of magnesia-dopenhiala with a joint agueous solution of La, Ni
and Ru salts taken in a specified ratio with subsagcalcination at 700C for 2 hours.

Modification of the support with magnesium was ocactéd by different procedures:

1. Impregnation of the formed gamma-alumina with aqueous solution of magnesium

nitrate (denoted in the text as [MeAl,O.]). Aluminum hydroxide Disperal was calcined in a
muffle furnace at 500 °C for 4 hours. The obtairye8ll,O; was impregnated with an aqueous
solution of magnesium nitrate taken in a specifigtbunt; this was followed by drying under an IR
lamp and calcination in a muffle furnace at 7@0for 1 hour.

2. Impregnation of the formed gamma-alumina with arganic solution of magnesium

nitrate (denoted as [Mm—AIZQ;]_)_. Aluminum hydroxide Disperal was calcined in a neufirnace
at 500 °C for 4 hours. A citric acid solution inhgiene glycol was prepared separately and
supplemented with magnesium nitrate at a ratio Af. EG :v(Mg) = 3.75:11.25:1; the resulting

solution was homogenized at room temperature fbo@s.y-Al,O3 was introduced into the gel,
vigorously stirred for another 2 hours, and theatée under stirring on a sand bath to obtain @ soli
polymer precursor. This was followed by calcinatiom muffle furnace up to 500 °C for 2 hours.

3. Magnesium introduction by impregnation from aueous solution at the aluminum

hydroxide step (denoted as [MQM;QQED- Aluminum hydroxide Disperal was impregnated with

an agueous solution of magnesium nitrate takenstoighiometric amount; this was followed by
drying under an IR lamp and calcination in a mufflsnace at 700C for 4 hours.

MgAl O, spinel was synthesized by the modified Pechinihogtfrom Mg and Al nitrates
(denoted as MgAD,). The reagents were taken in the molar ratio E&::Xv(metals) =
3.75:11.25:1. Citric acid was dissolved in ethylghesol under vigorous stirring and weak heating
(60-80 ). Necessary amounts of crystalline hydrates ofameitrates were introduced under
vigorous stirring in the obtained solution that wesoled to room temperature. A complete
homogenization took ca. 2 hours. The resulting unextwas evaporated under stirring to obtain a

thick polymer, which was then calcined in a muftienace up to 700C for 4 hours.
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2.1.4. Synthesis of structured catalysts

Porous platelets displayed on Figure 2.1 were @ty our colleagues from the Institute of
Powder Metallurgy NAS Belarus within the joint peoj and had the following characteristics:

1. Nickel-aluminum alloy foam platelets with a lalensity (0.5 g/cr;

2. SiC/AI-Si-O foam composite (density 0.5 gfm

3. Corundum/Al-Si-O ceramic composite platelets @iy 0.5 g/cm).

Figure 2.1.A photo of the foam supports used for preparadiostructured catalytic systems.

The platelets were manufactured by duplication e polyurethane foam samples by
suspension of SiC or a-AD; powders with an aluminosilicate binder containiog-temperature
fluxes (feldspar) followed by sintering under ait 3200 C [254]. Nanocomposite active
components (loading up to 10 wt.%) were supportedtouctured substrates by slip casting slurries
in isopropanol with addition of polyvinyl butyrablfowed by drying and calcination under air at
700 °C for 2 hours. To prepare the structured gsimlifor testing in the pilot-scale reactor in real
feeds, substrates with typical sizes 38 x 38 x B5ox 35 x 1 mm were used.

The active component mLnjiRw 103/n%Mg-y-Al,03; was deposited from a suspension of
the powdered catalyst in polyvinyl butyral and ismggyl alcohol. The suspension was obtained by
ultrasonic dispersion of 7.5 wt.% powdered oxidg@ml isopropanol with the addition of 1.5 ml
polyvinyl butyral. The foam support was immersedha suspension, purged with air, dried under
an IR lamp, and calcined in a furnace at 800 °C2ftwours. The procedure was repeated until 10
%wt. of the active component was deposited.
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2.2. Materials characterization
2.2.1. Specific surface area measurements

Textural characteristics of the reduced catalysiseevwneasured from \bhysical adsorption
at the liquid nitrogen temperature using an ASARB@Micromeritics Instrument. Corp., Norcross,
GA, USA) automated volumetric adsorption unit. Beféhe analysis, samples were outgased at
150 °C for 4 h at a pressure of 1*3@hm Hg. The analysis time was chosen for each sariiple
obtained adsorption isotherms were used to caketiat specific surface areg,S

Specific surface areas were measured by T.Ya. Bkmet the Laboratory of catalyst
texture, BIC.

2.2.2. X-ray diffraction analysis (XRD)

Diffraction patterns were taken on a Bruker Advab&:-diffractometer with a CuiKsource.
Scanning was performed in ® Zangular range of 15 — 9@t a 0.05 step. Identification of the
obtained phases and quantitative calculations wade using the ICDD database.

XRD data were acquired by T.A. Krieger at the Lalvory of structural methods, BIC.

2.2.3. Temperature-programmed reduction with hydesg(TPR-H,)

Properties of the materials under reducing conaktizvere studied on a flow kinetic setup
with a quartz U-shaped reactor equipped with a fFS08 chromatograph and a thermal
conductivity detector. All the measurements werdgomed using the catalyst grain size of 0.25-
0.5. Before the reduction, the samples were treatédwing oxygen at 500C for 30 minutes and
then cooled to room temperature. The reductioncaased out at 900 °C with a heating rate of 10
°C/min in a flow of 10 % hydrogen in argon at aNloate of 2.5 L/h.

The TPR-H data were obtained by G.V. Bondarenko and V.A.dRoat the Laboratory of

catalytic reaction mechanisms, BIC.
2.2.4. Infrared spectroscopy of adsorbed CO (IRS.a00)

Surface properties of the samples were examinddvipyemperature IR Fourier spectroscopy
of adsorbed carbon monoxide. Before recording Bhespectra, a sample was pressed in a pellet
with an area of 2 cm and total weight of 30-35 nige pellet was placed in an IR cell and
pretreated in a vacuum, in an oxygen or hydrogediune Studies with different pretreatments

were performed consecutively using the same pdltet.vacuum pretreatment included calcination

34



of a sample in a vacuum at 500. During the pretreatment in a hydrogen mediun® TOrr H,
was admitted in a cell, and the sample was caldmedhydrogen medium for 1 h at 5800; after
that, the sample was evacuated to a residual gssyme not lower than T0Torr and cooled to
room temperature. For pretreatment in an oxygeniumedL00 Torr @ was admitted in a cell, and
the sample was calcined in an oxygen medium foral 300°C; after that, the sample was cooled
in an oxygen medium to room temperature and evaduat a residual gas pressure not lower than
107 Torr. After the pretreatment, 60 Torr CO was atkdiin a sampler using a gas admission unit.
IR spectra of the initial sample and the samplera@O admission were recorded at the liquid
nitrogen temperature on a Shimadzu FTIR-8300 speetter in the region of 400-6000 trwith a
resolution 4 cm and accumulation of 100 scans. After recordingsibectra at the liquid nitrogen
temperature, the sample was heated to room temperand the spectrum was recorded. The
obtained absorption spectra were normalized tofteal thickness of the pellets. All the reported
IR spectra are the difference spectra.

Data on IR spectroscopy of adsorbed CO were olitdigel.S. Glazneva at the Laboratory of

spectral methods, BIC.
2.2.5. Diffuse reflectance electron spectroscopy(Mis)

The electronic states of the support and all supdosamples were investigated using
diffuse reflectance electron spectroscopy (UV-Vigh a UV-2501 PC (Shimadzu)
spectrophotometer with an ISR-240 A diffuse refiece attachment. Powdered samples were
placed in a quartz cuvette with the optical patigth of 2 mm, and diffuse reflectance spectra of
the samples were recorded against Ba&©Othe reflection standard in a wavelength rarige90-

900 nm (11 000-53 000 ¢H. The obtained diffuse reflectance factors werewveged into
absorption factors using the Kubelka-Munk functigfR) = (1 — R¥2R, and wavelengths were
transformed into wave numbers. All UV-Vis data weresented in the ‘Kubelka-Munk function
F(R) — wave number’ coordinates.

UV-Vis data were obtained by T.V. Larina at the aediory of spectral methods, BIC.
2.2.6. X-ray photoelectron spectroscopy (XPS)

The study was carried out on a KRATOS ES 300 phettren spectrometer. Before
loading in the spectrometer, samples were grourathiagate mortar and deposited on a conducting
carbon scotch. Photoelectron spectra were recoadied reaching a 1*I8 Torr vacuum. To

estimate the qualitative surface composition antbalethe presence of impurities, the survey
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spectra were obtained in a range of 0 — 1100 e¥ wit energy step 1 eV and the analyzer pass
energy HV = 50 eV (Fig. 1). The quantitative compos of the surface and the charge states of
elements were determined from precision spectriadiVidual photoelectron lines with a 0.1 eV
step at the analyzer pass energy HV = 25 eV. Thetgpmeter analyzer was calibrated against the
Au*" and C& lines of metallic gold and copper with the cor@sgling positions of 84.0 and 932.7
eV. The obtained spectra were calibrated agairestAl@p line, the binding energy of which was
taken equal to 74.5 eV. The Kne of magnesium (hv = 1253.6 eV) served as tivagry radiation.
The depth of XRD analysis was ca. 30 — 40 A.

XPS data were acquired by R.V. Gulyaev at the Gmiugupported metal-oxide catalysts,
BIC.

2.2.7. High resolution transmission electron micraspy (HRTEM)

Electron microscopy images were obtained on a JBIDB2(Jeol, Japan) transmission
electron microscope. Local analysis of the elemamaposition of samples was performed using a
Phoenix energy dispersive EDX spectrometer withi(&i)Sdetector and energy resolution not
higher than 130 eV.

HRTEM data were obtained by A.V. Ischenko at thbdratory of structural methods, BIC.

2.2.8. Temperature-programmed reduction with eth&(bPR-C,Hs0H)

The temperature dependence of the interaction oénmaés with ethanol was studied using a
flow kinetic unit with a quartz reactor equippedthwa Tsvet-500 chromatograph and a thermal
conductivity detector.

All the measurements were made with the catalyaingsize of 0.25-0.5 mm. Prior to the
reduction, the samples were treated in flowing @&xyg

TPR-GHsOH with pretreatment in oxygen at 500 °C and fastliog upon termination of the
experiment was followed by TP-reoxidation with watapor and steam reforming of ethanol (SR-
ethanol). In the experiments on ethanol steam mefgy, first the stationary activity in the reaction
mixture was obtained at 800 °C, and then a stetadg sf the sample was reached at each chosen
temperature upon cooling with a step of ~ 50-100 °

Data of TPRE,;HsOH followed by TPO-HO were acquired by G.M. Alikina at the
Laboratory of deep oxidation catalysts, BIC.
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2.3. Catalytic tests
2.3.1. Catalytic testing in steam reforming of etia

Catalytic testing in steam reforming of ethanol EJRvas conducted in a flow U-shaped
reactor at atmospheric pressure, ethanol to water of 1:4, contact time 0.07 s, and temperature
500-800 °C. A 0.18 g sample of the catalyst with frain size 0.25-0.5 mm was diluted with
quartz in a weight ratio of 1:10. The reductivetmatment of catalysts was carried out in flowing
hydrogen 10%./Ar at 800 or 500 °C for 1 h. Gaseous products vegrayzes on an LHM-8 gas
chromatograph equipped with thermal conductivitg #ame-ionization detectors.

The catalytic data were obtained by N.F. SaputiritbeaGroup of catalyst testing, BIC.

The conversion of ethanol, selectivity for carb@m@aining products, and hydrogen yield

were calculated using the following formulas:

molinlet _moloutlet mol
Xgoy =——H__——EOLx100% S = _vitmoli i 00% Y =M 100
molln et i H,
EtOH

S0, ol Simol,

jnlet utlet

where moEg,, and mof,;, are moles of ethanol at the reactor inlet andeutéspectively; mols

the number of moles of i-th product; andsithe number of carbon atoms in i-th product.
2.3.2. Catalytic testing in steam/steam-oxygen rafmg of glycerol

Steam and oxy-steam reforming of glycerol was edrout for 24 hours in a flow reactor at
the inlet concentration of glycerol 3.8%, ratio gificerol : water = 1 : 9, weight hourly space
velocity 28000 R', T = 650 €, and catalyst grain size 0.25-0.5 mm. In the a#sexy-steam
reforming of glycerol, the ©concentration was 3%, other parameters remainnmafpanged. The
reductive pretreatment of the catalysts was perdrim a 10%l,/Ar at a flow rate 40 ml/min,
heating rate 2°C/min, T = 500 °C, and retentioretitxb h.

The catalyst was mixed with SiC in a 1:1 weightardim(cat) = m(SiC) = 0.055 g]. Quartz
grains were placed in a tubular reactor with addnbdiameter at 1/3 of the furnace height and fixed
with quartz wool from two sides. The diluted castlyixed with quartz wool was placed at the
center of the reactor. Quartz wool with a heighttaf 2 cm was mounted at the reactor inlet to
provide a better dispersion of the reaction mixturehe flow. Gaseous products {HCO, CQ,

CH,4, GH,) were analyzed on-line each 30 minutes of theti@aawsing a gas chromatograph
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Network GC system Agilent Technologies 6890N withGD detector. Liquigproducts (methanol,
acetic acid, ethylene glycol, acetone, acn, hydroxyacetone, propanediols, propionic acidjes
collected by two traps at; F Troom @and = 0 °C and analyzed after 8 and 24 hours usings:
chromatograpiNetwork GC system Agilent Technologies 6890N wiflame-ionization detector.
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Figure 2.2.A scheme of the setup fglycerolsteam reformin

The @atalytic data were obtained tthe authoiin collaboration with her French colleague:
the Institute of Chemistry and Processes for Energy, Environment Hedltt (ICPEES),
Strasbourg.

Steam reforming ofjlycerol can be accompanied by the formatiol a wide range of liquid
by-products, whiclyuantitative identification is difficL. In this connectio, glycerol conversion to
the gas phase and productivity for gaseous productgere introduceto compare the catalytic
activity of different sample<Glycerol conversion to the gas phase wakulated as a ratio the
sum of gaseous productuiltiplied by the number ccarbon atms in a molecu to the glycerol fed
to the reactor. Productivity was calculated in the (mol/mol units, where (mol )

denotes the moles of glycemmdnverted to gaseous products.

> v, no|**
X, = i molisn x100% P, :r:/imn—otgasxlocpﬂ)
> v, [ino| ™
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2.3.3. Catalytic testing in ethanol steam reforming the structured support in a pilot reactor

To test the structuredatalysts in steam and oxy-steam reforming of ethan concentrated
mixtures, a special plane reactor was used. A seheirthe reactor is displayed on Figts3.
Platelets with the size of 1*0.5*0.2 cm were empldyn the study. A seal was placed between the
reactor walls and the catalyst. The temperature weasured in several points at the reactor inlet
and outlet. The catalytic activityf different foam supports was compared in a fl@actorat a
contact time 15Qus, temperature 800C; and reaction mixture composition 10%HsOH + 40%

H>0 + 50% N.

Furnace
Catalvst
I in
Corundum
Tmivhl
Furnace for line heating
Tmixture

Figure 2.3. A scheme of the pilainit reactoifor reforming of oxygenates in concentrated

mixtures.

Catalytic studies on stability in steam and oxyastereforming of ethanol were carried out at a
contact time of 150 ms (GHSV = 3600%hand a constant temperature of 850 °C using thetitn
mixture 3%Q+ 57%H0 +29%C,HsOH + 10% N for 20 hours, which was then replaced by the
10% C,HsOH + 40%H,0 + 50% N mixture.

The catalytic data were obtained by Z.Yu. Vostrikat the Laboratory of deep oxidation
catalysts, BIC.
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CHAPTER 3. MASSIVE CATALYST'S FAMILY LnFe 14yMxRuyO3 (Ln = Pr, La, M= Ni,
Co,x=0.3;0.4y=0;0.1): PHYSICOCHEMICAL PROPERTIES AND CATALYTIC
ACTIVITY IN STEAM REFORMING OF ETHANOL AND STEAM/OX Y-STEAM

REFORMING OF GLYCEROL

This chapter is devoted to the investigation of tmd-e,..,M,RuOs and 59%1/PrFeQ@ mixed
oxide precursors synthesized and catalysts obtauped their reduction. The LnEgyMxRuO3
precursors were synthesized by the modified Pedmeihod, a family of 5% Co(Ni)/PrFgO
comparison samples was prepared by impregnatingehav/skite PrFe@with the Ni(Co) nitrates
solution. Physical-chemical properties and itstrefeship with the activity and stability in steam
reforming of ethanol (ESR) as well as steam (GSRI) axy-steam (GOSR) reforming of glycerol
are considered in a three main sections.

In the first section, the effect of the chemicamgmsition and synthesis method on structural and
textural properties of the oxides synthesized waslied using BET, XRD and TEM methods.
Reducibility of the precursors was explored by TiR-H, method. The second section describes
the catalytic activity of preliminary reduced LnkgM,RuO3 and 5%1/PrFeQ samples in the
steam reforming of ethanol reaction in the tempeeatange of 650-800 °C and at the constant
T = 650 °C. The third section contains results lné tcatalytic tests of preliminary reduced
LnFe.xyMxRuO3 samples in the steam and oxy-steam reforming pfegbl reactions at the
constant T = 650 °C during 24 hours. The main agmiohs about the effect of the composition and
the method of precursor's synthesis on the actiaityl stability in the reactions studied were

postulated.

3.1. Structural and textural properties of initigherovskites

Catalysts with the general formula LnkgM,RwOs (Ln = Pr, La, M= Ni, Co, x = 0.3; 0.4y =
0; 0.1) were synthesized by the modified Pechinitegcdescribed in the Chapter 2. To study the
effect of the synthesis method, a series of impaiggn catalysts 5 % M/PrFe@M = Ni, Co) was
prepared. In Table 3.1. some data on the compositiethod and conditions of synthesis, as well
as the properties of synthesized perovskites arengiAs can be seen from the table, the specific
surface area of the samples is in the range of 8¢1§, which are typical values for perovskites of
this composition [183, 190, 255].
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Table 3.1.Synthesized compositions, their some physicalcsnical properties and values of the
tolerance factor t

Composition Method of synthesis|T¢aic, °C iBzZ]’ a*, A [b,A [c,A |v, A% |t
LaFe Nio.03 Pechini 900 7 5,511| 7.8085,5@B8.25 | 0,97
LaFe ¢Nio.4O3 Pechini 900 9 5,529| 7,7875,4(86.58 | 0,97
PrFe Nios0s Pechini 900 7 5,522| 7,7425,4@83.5 |0,84
PrFe Nio.Os Pechini 900 10 |5,534| 7,7%05,4[234.60 | 0,84
LaFe ¢C0o.Os Pechini 900 4 5,509 7,7465,4(583.24 | 0,97
PrFe Con.s0s Pechini 900 3 5.494| 7.7305.4881.6 |0,84
PrFe (Cap40s Pechini 900 3 5.474| 7.6945.4829.0 (0,84
Lao Pro.aFe NigaOs  [Pechini 900 4 553 | 7,74 5,46 237.4 0,93
PrFe (NigRU10s  [Pechini 900 4 5.584| 7.7175,4pB7.6 |0,97
PrreQ!’® Pechini 700 7  [9.567 [7.7905.492379 (0,82
PrEeQ® Pechini 900 4 5,575| 7,7875,4887.2 |0,82
5%Ni/PrFeQ[7°°] impregnation 500** |7 5.566 | 7.7885.48837.9 |-

5 % Ni/PrFe@®  impregnation 500%* | 4 5.572 | 7.78145.44237.9 |

5 % Co/PrFe@™”  |impregnation 500%* |7 5.571 |7.79[L5.48938.2 |

* reference data for PrFgQJCPDF 47-0065]: a = 5.48, b = 5.59A, ¢ = 7.78A, V = 238.72
** Teaic after impregnation

3.1.1. Effect of the chemical composition and syeiis method on the structural and textural
properties of initial samples

Substituted LnFeg.x.,M;RuyO3

The XRD patterns of the initial perovskites areegivin Fig. 3.1.1. For the non-substituted
PrFeQ both calcined at 700 and 900 °C all peaks refethto orthorhombic perovskite phase
[JCPDF 47-0065]. The literature data confirm thred tormation of an iron-containing AR .xO3
perovskite structure is possible at temperaturesalb50 °C [205]. For the sample calcined at 700
°C, the broadened peaks on the X-ray diffractiotigpa (Fig. 3.1.1, b) correlate with the larger
specific surface area (Table 3.1) as compared RiEeQ®" indicating greater dispersion in the
PrreQl"® sample. (The size of the perovskite phase cryssltialculated from XRD data for these
samples are 35-40 and> 100 nm, respectively).
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Figure 3.1.1.X-ray diffraction patterns obtained for initial spla PrFeQ, calcined at 700 and 900
°C for 20 a) 20-80° and b) 31-34°.The histogram correspondsdé@hase PrFe(JCPDF47-0065]

The main phase of all initial substituted samplafd,..,NixM,O3 is orthorhombic perovskite
(Figures 3.1.1-3.1.3) with intensity approximatelgual to theoretical. Peak shifts depending on
cation’s nature are close to those described iritdr@ture [256]. The theoretical possibility diet

existence of perovskites with compositions used eaagirmed by the tolerance factor calculating

for all samples (Table 3.1).
For the lanthanum-containing perovskites, whosegcatdius is greater than the radius of the

praseodymium cation (r (2§ = 1.36°A, r (P¥") = 1.179°A), all peaks are shifted to a region of
smaller angles, which indicates an increase idatiee parameter comparing with praseodymium-

containing ones (Figure 3.1.2, Table 3.1).
Similar regularities were shown in the works [126y7, 258], as well as in earlier works of

our laboratory [206, 209].
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Figure 3.1.Z. X-ray diffraction patterns obtained for LafBlip 303 u PrFe 7/Nig 303
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Figure 3.1.3.X-ray diffraction patterns obtained for Lnf=8lio 3(Ruw.1)Os: influence of the
composition and doping metal amount (Ni, Co, Ru)2fba) 20-80° andb) 31-34°

Figure 3.1.3 shows the X-ray diffraction patterhp@rovskites Prhg.yNixM,Os with different
cations in the iron position. When iron is repladsdnickel and cobalt with the smaller cations
radius (r (F&) = 0.645 A, r (N\f") = 0.60 A, r (C8") = 0.61 A), the lattice parameters decrease
(Table 3.1), as evidenced by the perovskite phasé&gshift to the region of larger angles. The
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regularities obtained agree with the data descrilbethe literature for similar systems. [259].
Ruthenium introduction into perovskite compositiahose cation size r (Rl) = 0.68 A, leads to
an increase in lattice parameters (Table 3.1),as0l to the appearance of weak reflections of the
nickel oxide phase and praseodymium oxychloridehen XRD patterns. The appearance of the

peaks corresponding to trace amounts of praseodayr®tOCI oxychloride is due to the use as a

ruthenium precursor of the chlorinated Ru@{211].

. 10nm |
1 2 3 4 5 6 7
Pr 646 666 62,9 63,5 67.0 66,1 64.8
Fe 241 245 29 6 26.8 24 4 231 26,5
Ni 113 89 75 9.8 8.6 10,8 8,7

Figure 3.1.4.TEM micrographs and calculated from EDX microasa\yelement’s molar
fractions (%) of PriRg/MNig 303

The presence of impurity phases for the initiabpskites LnFe,.,NixMyOs is determined by
the nature and content of the cation replacing He XRF data for some compositions are
presented in Figure 3.1.3. Samples with a nickdl @balt content of 0.3 do not contain impurity
phases. With an increase in the nickel content to 8.4, an NiO impurity [JCPDF 47-1049]
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appears, whereas all samples containing Co aréegphgise. The homogeneous distribution of the
elements in single-phase samples was confirmedeajren microscopy with EDX analysis (Figure
3.1.4).

Supported 5%NiCo)/PrFeOs

The XRD patterns of the Ni and Co supported on OsF¥ are given in Fig. 3.1.5. For the
sample 5%Co/PrFef®”, apart from the peaks of orthorhombic perovskithe peaks
corresponding to GO, oxide [JCPDF 80-1541] were observed. For the 5% iReQ"*”, an

absence of nickel oxide peaks can be explain byidite dispersity of the phase.

] l Co,0,
7 1-Co,0,
5% Col/ PrFeO
= 51
o @
> 5% Col PrFeQ, >
G 2 |
c Q
£ £
= ._A,/L‘* 5% Ni/ PrFeO,
“AJJ | 5% nir PrFeo,
] PrFeO,
T T T T T T T T T T 1 T T T 1
20 30 40 50 60 70 80 35 36 37 38 39
20 20
a) b)

Figure 3.1.5 X-ray diffraction patterns obtained for suppor&dNi(Co)/PrFeQ"* for 20
a) 20-80° anc) 35-39°

To understand the state of Ni in the samples 5%R#e:"°” and 5%Ni/PrFeg’®”, the TE
microscopy was used. The images of 5% Ni/PHF&®and 5% Ni/PrFe¢P* samples (Fig. 3.1.6)
indicate nickel oxide formation of on the surfacig&wthe considerable difference in the particleesiz
depending on the support's calcinations temperatlethe case of 5% Ni/PrFe®?, large
particles of nickel oxide forming agglomerates twe tsurface are observed, while for the 5%
Ni/PrFeQ!’® NiO particles are well dispersed and have an @eesize of 5-30 nm. The data
obtained are consistent with the support’s textymadperties revealed: because of the higher
specific surface area of PrFglicined at 700 °C (Table 3.1.1) compared withRhieeQ®* one,
the dispersion of the NiO phase formed after dejoosin this case is much higher and the particles

are more evenly distributed over the surface.
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5% Ni/ PrFeQ,[7]

5% Ni/ PrFeO,P%!
Figure 3.1.6.TEM micrographs of 5%Ni/PrFef® (above): 5%Ni/PrFe@®® (bottom)

3.1.2. Effect of the chemical composition and syasis method on the perovskite reducibility

Reducibility of the perovskites was studied usiegperature-programmed reduction with
hydrogen (TPR-B). The results obtained are shown in Figures 3atd.,

Massive LnFe.,,MxRu,Os3

The reduction patterns of the unsubstituted sanffeeQ®® (Fig. 3.1.7, a) show two
weakly intense broad peaks with maxima at 412 &@d°€, corresponding to the reduction of Fe
to FE* and F&" to F&* within the perovskite structure without changitg tphase composition
[220, Erreur ! Signet non défini.]. The absorption of hydrogen at temperatures alGd@ ° C
corresponds to a further partial reduction of thenicationsto the F& state [260]. For the
substituted perovskites LnEgNixM,O3, the active metal’s (Ni or Co) reduction temperatu
depends on the perovskite chemical compositiorufeg3.1.7 b-d).

For the perovskites LngeNip 303 and LnFg/Ca 303, (Ln = La, Pr), which do not contain
ruthenium, there are two peaks of hydrogen absorpin the TPR-K patterns (Fig. 3.1.7, b). A
weak-intensive peak in the temperature range bév° C corresponds to the reduction of cations
Ni** — Ni** (Co®* - Cd**) and F&* — F€’ * in the perovskite structure, with cobalt reduction

occurring at higher temperatures (380-390 °C) caetp#o nickel one (350- 360 °C) [255, 256].
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Figure 3.1.7.TPR-H spectra of LnFgyNixM,Os, calcined at 900 °C

The unresolved intense peak above 600 °C refethedurther reduction of nickel/cobalt
cations to the metal state’Ni— Ni° (C&* * — Cd), as well as partial reduction of ironFe— Fé’
[205]. Furthermore, for Pr-containing samples tlghhiemperature reduction peak is shifted to low
temperatures with respect to La-containing one. (Fit.7, b). It can be explained by the less stable
praseodymium-based perovskite structure due t@ah&action of the perovskite lattice shown by
XRD and confirmed also by the tolerance factor galfor these compositions [Table 3.1].

The Ru introduction in the perovskite compositiafrdg ¢Nip sRW 103 (Figure 3.1.7, b) leads
to the appearance of two medium-intensity hydrogbsorption peaks in the low-temperature

region (310 and 392 °C), corresponding to the rédnof cations Réi* — RW’ and/or Nf ¥ — Ni?
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" in the perovskite structure [206, 261, 262]. Thghtemperature peak becomes much wider,
appears already at 550 °C and has a maximum af@5Which indicates an easier reduction of
nickel from the structure.

The TPR-H data for samples with different nickel and cobadntents are presented in
Figures 3.1.7, c), d). With the nickel content gase to x = 0.4 both in the La- and Pr-containing
perovskites, a peak at the 420-500 °C region appearresponding to the reduction of the
individual NiO oxide whose presence is shown byXRD method (Figure 3.1.3).

0 - alloy Fe-Co
0-Pr0O,

0o 3

N
A

: : , :
20 30 40 50 60 70 80
20

Intensity, a.u.

i3

Figure 3.1.8 X-ray diffraction patterns obtained for Pg€ay 40s: (1) initial, reduced at (2)
600 and (3) 800C

In the case of cobalt-containing perovskites, tbleatt content increase to x = 0.4 does not
lead to changes in the reducibility (Figure 3.1d}., For all compositions of cobalt-containing
perovskites, stability under reducing conditionsoisserved at temperatures below 600 °C. The
formation of the Co-Fe alloy for these systems wwamonstrated by the XRD method (Figure

3.1.8) after reduction at 700 °C.
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Figure 3.1.€, a) — X-ray diffraction patterns obtained for PgRsio 303: initial (1) and reduced at
(2) 600 and (3) 808C. The histogram corresponds to the phase PyB&PDF 47-0065].
b) — TEM micrograph of PrieeNig 303 after reduction at 80TC.
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Supported 5%NiCo)/PrFeOs

Figure 3.1.10 shows the spectra of TPRfet PrFeQ"® and 5% Ni (Co)/PrFesamples
with the supports PrFe(alcined at 700 and 900 °C.

The spectra profiles for the samples 5% Ni/PrE8® and 5% Ni/Prre@™®” show

significant differences in the peak position copasding to the nickel reduction to metallic state.

5% Co/PrFeO, 700C
5% Ni/PrFeO, 900C
5% Ni/PrFeO, 700C
PrFeO, 700C

345 °C 385°C

500 °C

Intensity, a.u.

640 °C

200 400 600 800
Temperature, °C

Figure 3.1.10.TPR-H, spectra of Prresf® and supported 5%Ni(Co)/PrFgO

The results obtained are in good agreement withxtRB and TEM data on the size of the
nickel oxide phase particles for these samplesu¢Big.1.4). Thus, in the 5% Ni/PrFe8”
spectrum with a low SSA, a rather narrow peak & 34 with a shoulder at 463 °C is observed,
which is related to the reduction of large NiO axiplarticles [263], while the pattern for the 5%
Ni/PrFeQ!"® is characterized by a broad peak of hydrogen alisorwith a maximum at 500 °C,
corresponding to the reduction of the oxidized eidkrms firmly bound to the perovskite surface.
Peaks with a maximum above 650 ° C refer to thaatoh of iron in perovskite.

On the TPR pattern of 5% Co/PrR&®, two peaks with maxima at 335 and 385 °C
correspond to the reduction of cobalt from the min&ide C@O,, the shoulder at 345 ° C refers to

the reduction of F&" to F€ " in the support structure [264].
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3.1.3. Conclusion to Section 3.1

The properties of the mixed ferrites with the gahérmula LnFe..,NixM,O3 (M = Co, Ru, Ln
= Pr, La) synthesized by the modified Pechini md{tas well as the reference impregnated samples
5%Co(Ni)/PrFe@ were studied using a physicochemical method’s dexnBET, XRD, TEM
with EDX analysis and TPR-H The shortcut of the results obtained is as Vadlo

- For all compositions proposed LnEgMyRu,0s (including PrFe@) in this work using the
modified Pechini synthesis method followed by th&imations at 900 °C the formation of
orthorhombic perovskites was shown with the stnadtéeatures depending on the nature
and/or amount of the cation. In the case of refmenmpregnated samples
5%Co(Ni)/PrFe@, the embedding of the Ni(Co) cations into the cltite does not occurs.
The samples consist of NiO(gfay) oxides supported on the PriRadith the particles size
depending on a cJc of the support: small well-dispersed particles banobtained only in
case of PrFeg) calcined at 700 °C.

- The average SSA of all samples obtained is abdi #f/g.

- The presence of impurity phases for the initialopskites LnFex.yNixM,Os is determined
by the nature and content of the cation replaciagA#l samples are single-phased except
the ones with the nickel content of x = 0.4 - Ni@urity appears in this case.

- Reducibility of individual perovskite depends os @tomposition and doping cations, but in
general for all perovskites the same reduction dany is observed: up to 500°C in
hydrogen flow the structure remains stable (acogrdo TPR-H data up to 100% of
Ni**(Co™) reduced to N (Co*™) within the perovskite structure). Further inciegsof
temperature up to 800°C leads to a Ni(Co) and Fellieeparticles partially emerge from
the perovskite and stabilized on the surface ofl®@xwvith simultaneous formation of Pr
oxides phases. Perovskite reducibility depends lootithe nature of the lanthanide and
transition metal: Pr-containing samples are redunectk easily than La-containing, and Ni-

containing are reduced more easily than Co-comtgini
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3.2. Catalytic activity of the LnFg.yMxRuyOs in steam reforming of oxygenates.
3.2.1. TPR-GHsOH

The TPR-GHsOH method used for the study of the most promisiiogel containing samples
provides important information on the ethanol casiwmn route, depending on the catalyst
composition. The results obtained are present&igire 3.2.1.

In general, for the samples studied, the ethani@raction with initial oxidized perovskites
occurs by the similar regularities. The main pradueh, CO and CQ formation begins at 350-

400 °C, the concentrations increase with the teatpes increasing.
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Figure 3.2.1.TPR-C,HsOH patterns of Ni-based perovskites: dependencyeifithCO u CO,

concentrations on temperature

Onset temperature of the products appearance groows the catalysts in a row
PrFe ¢Nig sRUy.10s<LaFe) Nig 303<PrFe 7Nip 303, which is in a good agreement with the TPR-H
data (Figure 3.1.7, b). It should be noted thatthe case of PrigeNip303; sample, unlike
LaFe /Nio 303, a large amount of carbon dioxide is formed thieug the temperature range, which
is due to the high oxidizing power of‘P¥Pr* * in praseodymium oxide [265, 266]. The ruthenium

introduction not only leads to a decrease in thepterature of the interaction initiation, but alsaat
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simultaneous decrease in the concentrations of olggar and C® and an increase in the
concentration of CO, indicating a reverse watersjaft reaction takes place.

For all catalysts, formation of the,HCO, and C@continues in the isothermal regime at 880
°C, after the formation of the active metal phasd-&l (Ru) (according to the data of TPR-&hd
TEM that was described in detail in the previoustisae). Decomposition of ethanol and stable
operation of catalysts in the isothermal regimepdeshe fact that, undoubtedly, the formation of
surface carbonaceous deposits occur indicateseik wonnection with the surface [267, 268]. This
is confirmed by the data of temperature-programmeadation by water (TPO-$D) on the samples
after reduction by ethanol. A typical distributioh products during TPO-#D is shown in Figure
3.2.2 for the sample Lak&Nio303. The simultaneous absorption of water and the &ion of
hydrogen at 400 ° C indicate the oxidation of tleropskite reduced. When a certain surface
concentration is reached, the reactive oxygen fdrinegins to interact with the carbonaceous
sediments, releasing CO and £@or all catalysts, the carbon oxidation processgyénerally
complete at a temperature below 800 ° C, whichciaigis the high reactivity of loosely bound

carbonaceous deposits.
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Figure 3.2.2.TPO-HO patterns of LakeNig 303 after TPRE,HsOH: dependency of thHy, CO u

CO, concentrations on temperature
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3.2.2. Catalytic activity in ethanol steam reforngn

Figure 3.2.3 shows the ethanol conversion, hydrgggld and product distribution obtained in a
blank experiment (quartz-filled reactor, the conhtéime of 70 ms, the composition of the reaction
mixture GHsOH: H,O: N, = 1: 4: 5, the temperature range 650- 825 °C)cd#s be seen from the
graphs, the ethanol conversion at temperaturesvbél® °C does not exceed 20% and increases
with temperature, reaching a maximum value of 94%2% °C. The hydrogen yield remains low
and does not exceed 20% over the entire tempenange. The main reaction products are carbon

monoxide, methane and ethylene; selectivity for @&Qero throughout the temperature range.
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Figure 3.2.3.Ethanol conversion, hydrogen yield and produdiscsieity obtained for the blank
experiment in the temperature range 650-825 °C.

All catalysts based on LnkgyNixM,Os perovskites were tested in a steam reforming i@act
ethanol under conditions used in the blank expertmgaking into account the TPRHata, the
initial perovskites were preliminarily reduced ipdnogen at 800 °C to form the active phase.

The temperature dependences of the ethanol coometsydrogen yield and selectivities for the
main and by-products are shown in Figures 3.2312¢6.

Figure 3.2.4 shows the results of tests of nickeltaining samples. In general, similar
dependences are observed for all samples of LnfRBRWO3 — high values of ethanol conversion
are achieved already at a temperature of 700 °n@, the main products of the reaction are

hydrogen, CO and CO
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Figure 3.2.4. Temperature dependences of ethanol conversiainpbgn yield, and selectivities for
main products for Ni-containing catalysts in steaforming of ethanol. Catalyst grain size 0.25-0.5
mm, contact time 0.07 s,,8:EtOH =4
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Wherein, samples containing praseodymium show higlutivity. As can be seen from
Figures 3.2.4a), b), for the PgRlip 303 sample at 700 °C, the ethanol conversion reacfé%ol
and the hydrogen yield is 90%, whereas for the bdfig 03 sample under these conditions these
values are 75% and 60%, respectively. The preseinaghenium in the catalyst helps to lower the
temperature of the reaction start, which is coesiswith the data of TPR4-and TPR-GHsOH for
the sample PrheNipsRWw 103 Low selectivity for ethylene (<10%) and the prese of
acetaldehyde (selectivity 15-60%) is observed fomassive perovskite catalysts, which indicates
the dehydrogenation reaction of ethanol as the mmaite for its steam reforming.

The activity of cobalt-based catalysts is signifitta lower than nickel-containing ones. The data
on ethanol conversion and hydrogen yield for RrRN& 303 and PrFg/ oy 303 presented in Fig.
3.2.5 indicate low activity of cobalt-containingngples even at high temperature. High selectivities
for acetaldehyde and ethylene confirm low ratehef further transformation of these intermediates
to G, products and K An increase in the cobalt content to x = 0.4 doeslead to significant
improvements in catalytic activity, most likely doe the difficulty of cobalt reduction from the
perovskite structure shown by the TPR+hethod.

Comparison of the catalytic activity of massive augbported catalysts is also shown in Figure
3.2.5. In general, the supported catalysts are ractige at low temperatures. Among the catalysts
deposited on PrFeQthe conversion of ethanol increases in the sefié®% Ni / Prre@ % <5%

Co / Prre@ [ <59 Ni / PrFe@!®?. The high conversion of ethanol 5% Ni / Pré®” below
600 ° C is explained by easier reduction of nickBhwn by the TPR-FHmethod.
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Figure 3.2.t. Temperature dependences of ethanol conversiomobgd yield, and selectivities for
main products for the catalysts with different aetimetal (Ni/Co) and synthesis method
(massive/supported) in steam reforming of ethanol.
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3.2.3. Effect of the catalyst's composition and #yasis method on stability in ethanol steam

reforming

Important information on the catalyst’s stabilitydathe active sites evolution can be obtained
by studying the catalyst samples in and after l@mgy testing at a constant temperature. Figure
3.2.6, a) shows the dependence of the ethanol csioneon the time-on-stream for the perovskite-
based catalyst in a standard reaction mixture @t°6fr 6 hours. As can be seen from the graph,
the Ni-based catalysts exhibit relatively stablgalygic activity in the tests, especially the
PrFe.sNio.303 one.
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Figure 3.2.6.Results of théong-term steam reforming of ethanol tests at 850 °
a) ethanol conversion for the catalysts with différactive metal (Ni/Co) and synthesis method
(massive/supportedl) hydrogen yield and products selectivities for iE@.eNio.303 catalyst

X-ray diffraction analysis of this catalyst afteraction, as well as results for all perovskites-
based samples LnEg,NixM,O3, shows a partial decomposition of the 58erovskitesursor with
the formation of the Ni-Fe (Ru) alloy particles aladthanides oxides [269]. The resulting highly
disperse alloy particles are less susceptible ioorazation and provide a high stability to sinteyi
during the steam reforming reaction, which was corédd by the TEM method. For example, in
Figure 3.2.7, above, and Figure 3.2.8, a), electrocrographs for the most stable samples of
PrFe Nig.303 and PrFggNigsRU.103 are shown, respectively.

In the case of 5% Ni (Co)/PrFg®amples obtained by impregnation, the Ni/Co metal
particles tend to sintering both for PreE®! and PrrFe@™® supports, the effect is more
pronounced in the second case (Figure 3.2.7, batuB.2.8, b).
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Figure 3.2.7.TEM images with EDX data for PrieNio O3 (top) and 5% Ni/PrFegi®® (bottom)
samples after tests in ethanol steam reforming@t’€

a) atomic %

Ru Pr Fe Ni

1 46.48 40.03 | 3.24 10.24
2 7.38 83.17 | 6.65 2.8

a) b)

Figure 3.2.8.TEM images with EDX data far) PrFe ¢NiosRup 103 1 6) 5% Ni/PrFe@’” after
tests in ethanol steam reforming at 650 °C
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3.2.4. Catalytic activityn glycerol steam/oxy-steam reforming

It is known that during thglycerol steam reformingeaction, a wide range diquid by-
product can be producedihich quantitative identification is difficult. In thisegard, in order t
compare the catalytic activity of various samplés terms «onversion to gas phas Xy and
«productivity»  for gas piucts wer introduced. The productivitig calculated in unit(mol/mol

), where (mol ) ighe number of glycerol moleconverted into gas products. The date
the glycerolconversion to gas productsy and the distribution of productivities in the gasse
phase, obtainedaélier [87] in blank experime with a reactor filled withSiC, with the reaction

mixture GHgOs: H,O = 1:9,gas hourly space velocity of 28000 hnd temperature 650 °C ¢
shown in Figure 3.2.9.
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Figure 3.2.9.Glycerol conversion to g Xgy and productivitieso the gaseous produc in the
blank experimentith the reactorilled with SiC (GHgOs: H,0=1:9,GHSV=28000 i, T=650 )

To deermine the optirl catalyst’'s pretreatment conditionthe omparative tests with
preliminary reduction of the LnlxyNixMyOs precursorsn hydrogen at two temperies: 500 and
800 ° C (Fig. 3.2.10, ayere carried ol It was shown that the reducticemperature of the initial
perovskite affects the stability of the catalyst.cdmparable high values of conversion to the
phase for catalysts PrNio:Rup 104 % and PrFgeNio sRW 105 8 the initial hydrogen
yield for the sample reduced 500 ° C are slightly lowe¢ However, deactivation of the catalyst
this case is slower (Figure 3.2, a). Most likely, the decrease in the inihydrogen productivity is
associated with its spendiran additional reduction of the catalyst the reaction mixture. Tt

60



formation of metallic Ni-Fe alloy particles aftdnet tests was shown for catalysts in both cases

(Figure 3.2.10, b). Further catalytic tests weneied out with the reduction pretreatment at 500 °C

06 03 0173

‘PrFe Ni Ru O

i - Ni-Fe allo
i . PrFe Ru Ni O,  ° Yy
€35 - Pr,0,
9 a ¢ I:)rnC)2n+2
g . O - SiC
T =
5 —0— red. 500C atap ©
= —0O— red. 800C =]
0+ T+ T T T T 1T T 1T 1T rrrT1 1 =
0246 81012141618202224 2 ¢ /&Nd\j"\bjy/
. O
Time, h E
1004 .
80 ‘ ﬁ .
initial
60- J M
>c<n T T T T T T T 1
404 20 40 60 80
20 20
0 T T T T r T T rrrrrrr
0 2 4 6 81012141618202224
Time, h
a b

Figure 3.210a) Hydrogen productivity and glycerol conversion te gaoducts ¥ obtained for

PrFe eNio Ry 105 reduced at 500 and 800 in GSR (GHgOs: H,O = 1:9, GHSV = 28000,

T=650 C); 6) XRD patterns of PrieNip sRUy 103 initial and after GSR reaction with different
pretreatment

Figures 3.2.11-3.2.12 depicts the data obtain€slSR reaction for all the catalysts tested. All
nickel-containing catalysts show high activity lretglycerol steam reforming reaction, but tend to
deactivate after 4-6 hours. A typical distributmiveaction gas products and glycerol conversion to
the gas phase for these samples are shown in Fg2irel. Thus, for samples PgFNip 303 and
Lag.7Pro.sFe.7Nip.303, @ maximum on the curves is observed probablytdygerovskite additional
reduction in the reaction mixture, followed by aichdecrease in activity causing by carbonization.
The high initial activity of the catalyst based &mFe ¢Nip3Rw 103 can be explained by the
presence of ruthenium that decreases perovskitetied temperature below 300 ° C, so the active
phase formation occurs completely during pretreatmkn addition, the activity of this catalyst
decreases gradually and slowly enough, which inelgcats greater resistance to carbonization
comparing with the non-ruthenium samples. AccordimgLn cation influence, for praseodymium-

based catalysts, higher hydrogen yield and glycemalersion to the gas phase are observed. The
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H, and CQ productivity, at a close  values, are higher for the sample based
PrFe ¢Nio.3RUo.10s.
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Figure 3.2.11.Glycerol conversion to gas; and productivities to the gaseous prodigts the
glycerol steam reforming reaction 403 H,O=1:9, GHSV=28000"h T=650 ) obtained for
PrFe.7Ni0.303, PrFe.eNio.s3Rw.10s3and La 7Py sFey 7Nig.303 samples

on

Catalytic tests for cobalt-based catalysts, thalltesare presented in Figure 3.2.12 for

PrFe Cay 303, shown their low activity in reactions of hydroggrmation. Despite the glycerol

conversion X exceeds 70%, the hydrogen productivity for cobalttaining systems (even with the

oxygen addition in GOSR) remains low (0.8 malrHol G5..,), which corresponds to the value for

con

the sample PrFefwithout active component (Figure 3.2.12). Most Ifkethis behavior can be

explained by the difficulty of the cobalt reductitom the perovskites structure below 500-650 °C,

according to BHTPR data. Significant amount of ethylene in prdaddor this sample also indicates

a low selectivity of Co-based group of catalysts.
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Figure 3.2.12.Glycerol conversion to gas; and productivities to the gaseous prodigts the
glycerol steam reforming reaction 403 H,O=1:9, GHSV=28000"f T=650 ) obtained for
PrFeQ, PrFe Coo 303 u PrFe 7Nig ;03 samples

The comparative tests with an oxygen addition er#action mixture (GOSR) carried out for
all the catalysts show that, in general, the agtidiecreases significantly slowly than that in the
GSR case, without loss of productivities foy &hd CO. A comparison of the activity in these two
reactions for the PrigeNip 303 sample is shown in Figure 3.2.13. As it can be $emn the graphs,
the maximum values of conversion close to 100 % botGSR and GOSR cases are achieved
approximately after 4 hours of reaction with theltogen productivity of 5 and 4.3 molhol

gas
Gconv J

respectively. Significant increase in stabilirelates with the absence of ethylene in the
reaction products, and consistent with the resaflismperature-programmed oxidation (TP®-O

carried out after the reactions show that the arnotiocarbon deposits is reduced several fold in the
GOSR conditions.
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Figure 3.2.13.Glycerol conversion to gasy and productivities to the gaseous prodigts
obtained for Prikg/Nig 303 sample in glycerol steam reforming reactiogHgOs: H,O=1:9,
GHSV=28000 H, T=650 ) and glycerol oxy-steam reforming reactionigOs:H,0:0, =

1:9:0.25, GHSV=28000h T=650 )

The TPO-Q data for the two most active catalysts BNy 303 and PrFggNip sRUy 103 after
reaction for 24 hours are shown on Figure 3.2.14e B the high activity, the strong deactivation
with a large amount of carbon deposits occurs lierRrFg/Nip30s. The presence of Ru reduces
the formation of high-temperature stable carbonodigp. Addition of oxygen to the reaction

medium allows one to reduce the formation of athfe of carbon deposits, which agrees with a
slower decrease in activity for this reaction.
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Figure 3.2.14. TPO-O, data after reaction of GSR and GOSR for RrN& 303 and
PI’FQ.GNio.3RUo.103 Catalysts

Thus, in the massive perovskites-based familycttalyst based on Pr#Nip sRuw 103 is the

most active and stable to carbonization in the tr@as of steam and oxy-steam reforming of

glycerol.
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3.2.5. Conclusion to Section 3.2

According to the results of catalytic tests, alke thnFe..,Niy\MyOs; perovskites-based

catalysts studied are active in the ethanol stedarming, glycerol steam and oxy-steam reforming

reactions. It is shown that the activity, sele¢yivand stability of the catalysts depend both an th

nature of the lanthanide and the transition matad, on the catalyst’s precursor synthesis method:

The most active and stable catalysts are the sangplgaining Pr and Ni. The presence of
Ru reduces the formation of carbon deposits. Thalyst based on PrEgNipsRU 103 is
the most active and stable to carbonization inrdetions of ethanol steam reforming,
steam and oxy-steam reforming of glycerol. Forglyeerol steam reforming it was shown
that the cobalt-based catalysts have low activityeactions of hydrogen formation.
Comparison of the catalytic activity of massive sithted PrFgeNigsRWw 103 and
impregnated 5%Ni(Co)/PrFeCatalysts shows that the impregnated catalystareme
active at low temperatures, which is explained agier reduction of nickel. Nevertheless,
the rapid deactivation for the impregnated onesbserved. The results both temperature-
dependence and stability tests confirms the mapothnesis taken for this investigation:
the precursor synthesis method determines therésatof the active phase (dispersion,
metal-support interaction) formed after reducingtpgatment, which is essential factor
defining the stability of the catalysts. Using dithsed perovskites LnkgNixMyOs
containing active metal in structure as precurgire not only the optimal composition of
active metals and great red-ox properties but aléagh dispersed well-distributed alloy
metal particles with the strong metal-support iat&on.

Analysis of the catalytic data revealed that thenmnaute for the ethanol steam reforming
reaction in the presence of perovskite-based talg the dehydrogenation of ethanol to
form an intermediate, acetaldehyde, which contabub the high stability of these samples
to carbonization.

Oxygen addition helps to stabilize catalytic pemiance in theoxy-steam reforming of
glycerol without lose in hydrogen production.
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CHAPTER 4. SUPPORTED CATALYST'S FAMILY mLnNi ¢ dRug 103/n%Mg- y-Al 03!
PHYSICOCHEMICAL PROPERTIES AND CATALYTIC ACTIVITY 1 N STEAM
REFORMING OF ETHANOL AND STEAM/OXY-STEAM REFORMING OF GLYCEROL

In order to increase the specific surface areadhef perovskite-like materials they were
supported on modified-Al,Os. This chapter is devoted to the investigation loé supported
mLNNig dR U 103/NMg-y-Al ,O3 precursors prepared via the deposition of peroggkieécursors from

aqueous or organic solutions onto the modified stpllg-y-Al,O,, and catalysts obtained upon

their reduction. Physical-chemical properties asdrelationship with the activity and stability in
steam reforming of ethanol (ESR) as well as ste@®R) and oxy-steam (GOSR) reforming of
glycerol are considered in a three main sections.

In the first section, the effect of the magnesiutnaduction method, its content and perovskite
composition on the structural and textural propsriof the oxides synthesized was studied using
BET, XRD and TEM methods. Additionally, the surfapgeoperties were investigated in details
using XPS, UV-Vis spectroscopy and IR spectroscopyadsorbed CO. Reducibility of the
precursors was explored by the TPRnlkthod.

The second section describes the catalytic actofigreliminary reduced mLnhsRuw 103/NMg-
v-Al,03 samples in the steam reforming of ethanol readtidhe temperature range of 650-800 °C
and at the constant T = 650 °C. The third sectartains results of the catalytic tests of prelimyna
reduced the samples in the steam and oxy-steammieip of glycerol reactions at the constant T =
650 °C during 24 hours. The main conclusions albioeiteffect of acidic properties of the support
surface, the state of active components and suppgooixide’s composition on the activity and

stability in the reactions studied were postulated.

67



4.1. Structural and textural properties of initisdupports and catalysts

Supported catalysts with the general formula mlRRU 103/N%Mg-y-Al,O3 (Ln = La, Pr,
m = 10; 20, n = 6; 10; 15) were synthesized via deposition of perovskite precursors from

aqueous and organic solutions onto the modifiepsugMg-y-Al ,O,].

Table 4.1.1 Synthesis method, specific surface area and Idpitiee parameter of supports

n%Mg-y-Al O3 and catalysts based on it

Composition Synthesis method 2?/'3‘ a, A
Y-Al,Os Disperah>500C 177 | 7.917
6%Mg-y-Al,O,” :rrLC;;?(iazr;lta\lt\ggtrlni?%isperal 155 | 7.981
69Mg-1-Al O, :&C;ﬁ’iezr;}a"tvigtn”i;_% o |18 |77
10%Mg-y-Al O, :”mcgﬁieeg':]ta‘ggtn”g;:l o |27 | 7900
10%Mg-y-Al,O,” ‘;?ffjf;’g”"m organic | 191 | 7.935
15%6Mg-y-Al O, :”m‘:;?ézrr‘fa‘gganﬁfs{_sAl o |18 | 7095
MgAlO, Pechini 69 | 8.089
Mg, Ni, AlO, Pechini 121 | 8.065
10%LaNj Ru, O/ y-AlO] :”mcgrr’ézrr‘fa‘fig:]”ess 138 | -
10%LaNj, Ry, 0,/[6%Mg-y-Al O] :”mcrifr’éeg':]ta"tvig:]”ess 110 | -
10%LaNj, Ru, .0,/[6%Mg-y-Al O.°] :&C;ﬁ’iezr;}a"tvigtn”ess 106 | 7.985
10%LaNj, Ru, 0/[10%Mg-1-Al O] :&C;ﬁ’iezr;}a"tvigtn”ess 77 | 8018
10%PNj Ry, 0/[6%Mg-7-Al O] :&C;ﬁ’iezr;fa"tvigtn”ess 19 | -
10%PNj Ry, 0/[10%Mg-1-Al O] :&C;ﬁ’iezr;}a"tvigtn”ess 9% | 8.014
109%PrNj Ry, 0,/[10%Mg-1-Al O] :”mcgﬁ’iezr;]ta‘figtn”ess 112 | 7.982
109%PINj Ry, 0,/[15%Mg-7-Al O] :”mcrifr’éeg':]ta"tvig;”ess 81 | 8.025
10%PNj Ry, O/[MgAl O] :”mcgrr’ézrr‘fa‘fig:]”ess 53 |-
209%6PNj Ry, O[10%Mg-1-Al O] :”mcrifr’éeg':]ta"tvig;”ess 55 | 8.018

Data on the composition and synthesis method a$ agelsome structural and textural
characteristics of the samples obtained are listeflable 4.1.1. The introduction of magnesium
from an aqueous solution of nitrate inté\l,Os with the initial specific surface area of 186/
decreases it to 110-130%y, whereas in the case of a polymerized precwsygothesized by the
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Pechini methodthe specific surface area 10%Mg+-Al,O5" increases to 190 %g. Specific
surface area of the catalysts with ttupported active component LifNRuw 103 depends on its
content and is equal to 80 n?/g.

4.1.1.Effect of magnesium content and its introduction thed on the suppo properties

According to the goals of the work, it was preféeato obtain the[Mg-y-Al,O3] support
with predominantly surfae distribution oimagnesiumin order to block they-Al,O3 acid sites. To
determine the optimal method corresponding to thecified goal, the support was modified
different techniquegFigure 4.1.1): impregnation of the formed gammamahum oxide witl
aqueous (Mg-Al,Os) or organic Mg-y-Al,05") solution of magnesiumitrate, and introduction ¢
magnesium by impregnatidrom anaqueous solution at tteuminum hydroxide Mg-y-Al,05°)
step. MgA}bO, spinel was also synthesized by ipolymerized precwors (Pechini) method from

Mg and Al nitrates. Details the synthesis methods are reported in Chap

impregnation
Mg(NO;),

— Mg-vy-Al,O
500°C &ats
v-ALO;
. . Mg-y-AlL,O,"
impregnation from
Pechini solution

Pseudoboehmite |
(Disperal)

impregnation
MQ(NO3)3
——> Mpy-ALO.D
500°C sl st
Mg(NO;), Pechini
AINO,), 7 MealO,

Figure 4.1.1 A scheme of the miebds used to modify the supg

XRD data on the structure of initisupports, particularly thiattice parameers calculated
from the shift ofthe spinel phase peaks, are displayed on Figufie-4.1.3 and listed in Table
4.1.1. According to XRD data, the initig-Al O3 has the cubic spinektructure[JCPDF 47-1308].
For all the studied samples, the addition of maigmesshifts the peaks on ffraction patterns
toward lower angles, which indicates an increagiélattice parameter of the spinel structdue
to diffusion of Md" into the crystal lattice of-Al,03 [158]. The strength of magnesii-support

interaction depends on batie magnesium content and the method of its introduac
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Figure 4.1.2. a)X-ray diffraction patterns of nMg-Al,O3 supports synthesized by different
methods;b) The dependence of the spinel lattice parametenagmesium content and introduction
method for n%MgyAl .03 supports

Figure 4.1.2 a (bottom) displays the diffractionttpans of 6%Mgy-Al,O3 and 6%Mgy-
Al,O3° samples. A comparison showed a more pronouncedase in the lattice parameter in the
case of magnesium introduction at the 6%Mat.0s° hydroxide step (Figure 4.1.2 b), which may
indicate a stronger interaction of Mg with the ax@hd its uniform distribution over the volume.

Table 4.1.2 Surface composition of 6%MgAIl,O; and 6%Mgy-Al,03° supports revealed by

XPS
Composition Elemental composition, % at.
Al Mg Mg/Al
6%Mg-y-Al,05° 16 1.1 0.06

For the 6%Mgy-Al,O; sample synthesized by impregnation \eAl,O3;, predominantly
surface distribution of magnesium can be assumbed.stirface enrichment with magnesium in the

case of this sample was confirmed by XPS (Table}.1
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A comparison of 10%Mg- Al,O3; and 10%Mgy- Al,O5~ (Figure 4.1.2 a, above) revealed a
weak magnesium-support interaction in the secorsk.cBiffraction patterns of the 10%Mg-
Al,O; sample, which was obtained by impregnation from amueous solution, show weak
reflections from the MgO phase and an increaséandttice parameter gfAl,O3 whereas in the
case of 10%Mg-Al,Os" sample prepared via deposition by the Pechini atettmagnesium
resides mostly in the individual oxide: strong eetions from the MgO phase are observed, and the
lattice parameter of spinel is close to thaj-#fl ,Os.

For the sample synthesized from magnesium and aluminitrates according to the spinel
stoichiometry, 17 wt.%. Mg, the corresponding sinoe was obtained — MgAD, [JCPDF 21-
1152] with the lattice parameter a(Mg@®4) = 8.089 A, which is close to the reference daitze
lattice parameter of MgAD, spinel is much higher as compared to the MgAlsolid solution and
corresponds to a uniform distribution of magnesiimnthe bulk of the mixed oxide. Thuthe
impregnation of the formed gamma aluminum oxidé ait aqueous solution of magnesium nitrate
makes it possible to obtain supports with predomtirdistribution of magnesium on the support
surface; therefore, this method was chosath@a®est one for the synthesis of catalyst supports

The effect of magnesium conteon the structural properties of the samples pezpéry

impregnation was studied for three concentratid)siO and 15 wt.% Mg. Investigation of the
phase composition of the synthesized supports dstrated that the lattice parameter increases
nonlinearly with increasing the magnesium contémgyre 4.1.2 b).

In the case of 6%Mg-Al.Os, only the spinel peaks are observed on the dtftragattern
(Figure 4.1.3). This testifies to incorporation mhgnesium into the structure of initiglAl O3,
which is accompanied by an increase in the lap@&emeter of alumina (Figure 4.1.2 b). As the
amount of magnesium grows, an increase in thecéattiarameter becomes less pronounced.
Therewith, for the sample with magnesium content®@ivt.%, low-intensity peaks appear on the
diffraction patterns in the region of 43 and 62.Bfese peaks correspond to trace amounts of the
individual MgO oxide, the intensity increases wheagnesium content reaches 15%. The results
obtained are supported by the literature data.example, the authors in [158] revealed a limit for
magnesium intercalation into the formed aluminactrre. This limit depends on the properties of
initial alumina and can vary from 8 wt.% Mg (comesds to the MgAl, surface monolayer) to
12 wt.% Mgq.
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Figure 4.1.3.X-ray diffraction patterns of nMg-Al ,O3 supports for 2 a) 25-80° andb) 60-70°.

4.1.2. Effect of magnesium content on the nickeht& in the mLnNp oRuy 103/n%Mg-p-Al,053

catalysts

The XRD study of 10% LnNisRu.103/[N%Mg-y-Al O3] catalysts showed that the diffraction
patterns obtained for all the tested samples anatichl to those of the nMg-Al O3 support before
deposition. As an example, Figure 4.1.4 displays thffraction patterns of praseodymium-
containing 10%PrNisRw 10s/n%Mg-y-Al,03 samples with different magnesium content. In all
cases, deposition of the LifNRW 103 active component produces a more pronounced ahifte
spinel phase peaks, which corresponds to a fuitteeease in the lattice parameter yoAl,O3
spinel(Table 4.1.1) due to Ni intercalation into its sture with the formation of NiAD,. The
absence of reflections from praseodymium oxidehemium and perovskite on the diffraction
patterns indicates that these elements are intdyhilisperse phases and cannot be identified Isy thi
method. In this connection, structural propertiEthe obtained systems were studied by TEM and

UV-Vis.
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TEM data together with the EDX spectra show that18%LnNp oRuy 103/[n%Mg-y-Al ;03]
samples contain not only the support phases (M3@Aand MgO) but also phases of individual Pr
and La oxides; nickel presents in the MgO-NiO miradle and Ni(Mg)A$O, spinel phases.

! 1 spinel
+ NiO/MgO

1

20 30 40 50 60 70
20

Figure 4.1.4.X-ray diffraction patterns of 10% PriRw 103/ n% Mg+-Al,O3 samples: 1) n =
6%, 2) n = 10% , and 3) n = 15%

Figure 4.1.5 displays electron microscopy imagesth& 20%PrNjsRup 103/[10%Mg-y-
Al, O3] sample with an increased perovskite content; tfis sample, the formation of the
perovskite-like phase with the,BO, structure and interplanar distances close to tlod$&NiIO,
was demonstrated. Taking into account the abseinadlections from ruthenium on the diffraction
patterns and the absence of individual rutheniurtighes on TEM images, it can be supposed that

ruthenium enters the structure of¥ir.xRuO,4 perovskite forming on the support surface.
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Figure 4.1.5.TEM images and EDX spectra for the 20%RigRiu 103/[10%Mg-y-Al ;03]
sample. Left — MgAIO, spinel, right — PNi1«RuO, perovskite

Additional information on the state of nickel inetisamples can be obtained by ultraviolet—
visible spectroscopy (UV-Vis). Figure 4.1.6 disgaythe UV-Vis spectra for
10%PrNb R U 103/n%Mg-y-Al,03 samples with different magnesium content; threeugs of
absorption bands are observed on the spectra: @)018nd 16800 cm, 2) 20500, 21300 and
22500 cm?, and 3) 25900 and 27000 cmAccording to the literature data, a.b. at 15600 26800
cmi! correspond to tetrahedrally coordinated nickelocest (N#*1q), while a.b. at 25900 and 27000
cm ™ — to octahedrally coordinated onesiWi) [270].The bands of the second group are caused by
the f-f transitions of Pf cations [271]. Supposedly, for the PgRNig ¢05/6%Mg-y-Al,O3 sample,
the bands at 15600 and 16800 tare caused by the d-d transitions of'Ni cations, while a.b. at
27000 cm®* — by N*op entering the composition of NigD, spinel. As magnesium concentration is
raised ta>10%, intensity of the Nirq band decreases, intensity of the band in the megfi®6000
cmtincreases, and a shoulder appears at 13100 €he indicated bands can be caused by the d-d
transitions of Ni‘on cations in NiO or in a NiO-MgO solid solution [Z7Which agree with the
XRD data.
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Figure 4.1.6. UV-Vis spectra for 10%PriybRUy.10s/n%Mg-y-Al .03 catalysts: 1) 6%Mg, 2) 10%
Mg, and 3) 15% Mg.

Thus, the state of nickel depends on magnesium concenmiratn the supportat a low
magnesium concentration nickel interacts mosthhwiAl 03 to yield Ni(Mgi1-x)Al.04, Whereas
an increased content of magnesium, when MgO iseptem the initial support, leads to the

formation of a NiO-MgO solid solution.
4.1.3. Surface composition of the supports andiglicatalysts

XPS data on the surface composition of some suppod catalysts are listed in Table 4.1.3.
The data obtained indicate that at equal magnesumtent, its surface concentration is higher for
the sample prepared by impregnationyefl,Oz in comparison with the sample obtained by
impregnation at the aluminum hydroxide step. Thdase concentration of nickel increases with
the surface concentration of magnesium; this i@panied by the formation of a NiO-MgO solid

solution, which content increases when magnesiumeot in the support is raised above 10 wt.%.
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Table 4.1.3.Surface composition of some supports and LnNig dRuy 103/6-10%Mg+v-Al .03
catalysts

Elemental composition, % at.

Composition Al Mg Ni |La/Pr [Mg/Al [Ni/Al Ni/La(Pr)
6%Mg-7-Al,OP 16 |11 |000 0.00] 0.06 F |
6%Mg-Al,0; 18 |16 |000 0.00] 0.09 F |

10%LaRuNi/6%MgyAl.0s" |15 [1.0 0.72| 1.82 | 0.06 [0.048|0.40
10%LaRuNi/6%MgyAl20s |15 |1.3 1.13 2.06 | 0.09 |0.075|0.55
10%PrRuNi/6%MgrAl20s |16 |0.87 |0.84 2.4 | 0.05 |0.053|0.36
10%PrRuNi/10%MgrAl20s |16 |1.6 1.0 | 3.0 | 0.1 |0.063|0.34

The NP XPS spectra displayed on Figi4.1.7 demonstrate that nickel in the studied sas
has different states, which agree with UV-Vis data.

843 lssc s 860 863 870
Binding energy, eV
Figure 4.1.7.Ni*® XPS spectra of 10%PrRuNi/6%Mg\l ,O3 (bottom)
and 10%PrRuNi/10%N-yAl ;O3 (above)

The binding energy of the most intensipeak at 855.5 eV corresponds to divalent nic
However, this state is not the NiO oxide, whicleharacterized by splitting of the main peak of
Ni?" line with the maxima at 854 and 855.5 eV and by phesence of an intensive sh-up
satellite with the binding energy 861 e272].

The absence of the main peak splitting and theedsed intensity of the satellite indicate f
Ni?* ions interact with thexide matrix. Besides, an additional state with tireing energy 852-
853.1 eV is present in the Nispectra, which corresponds to the reduced niclaldan form du

to reduction of highly disperse clusters upon meagutthe XPS spectr:
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4.1.4. Effect of magnesium content on the surfacgdity of supports and catalysts

Data on the surface acidity of supports and relattalysts obtained by IR spectroscopy of
adsorbed CO are displayed on Figures 4.1.8-4.TBese data confirm that the surface acidity
decreases with increasing the surface concentratiomagnesium, and deposition of the active

components leads to its further decrease.
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Figure 4.1.8 Data on IR spectroscopy of CO adsorbed for 6%Md-03; and 10%Mgy- Al,O3
supports after pretreatment in hydrogen:
a) IR spectra of CO adsorbed at 77 K and CO pressudel — 10 Torr;
0) The difference IR spectrum of CO adsorbed at @h#d CO pressure of 10 Torr

The spectra of 6%0Mg-Al,O3 and 10%Mgy-Al .03 supports (Figure 4.1.8) at a CO pressure
of 0.1 Torr show a low-intensity shoulder in thesagbtion region of 2192 and 2189 Tmas the
pressure is raised, the position of the shoulditssto 2177 and 2175 ct respectively, which is
accompanied by an increase in intensity of the pedlhe absorption band in this region
corresponds to the CO complex with Lewis acid sitésalumina — Af* anions. The band at
2150 cm* can be attributed to CO adsorption on OH groupdgf™ cations.

The strength of the surface Broensted acidity ¢ates with the shift of the band of OH
groups upon CO adsorption. Stretching vibrationiyafroxyl groups on the-Al,O5; surface are
observed in the region of 3570 — 3770°tnA more pronounced low-frequency shift indicates a
higher acidity of the OH group (therewith, the niagapeaks observed in the difference spectrum
correspond to positions of the initial OH groups).

For 6%Mgy- Al,O; and 10%Mgy-Al,O3 supports, the bands at 3570, 3620 and 3650 cm
(Fig. 4.1.8 b), which are typical of CO adsorptaanOH groups with different acidity, appear in the
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region of stretching vibrations of hydroxyl grougisa CO pressure of 10 Torr. The high-frequency
shift of the peaks observed for the 10%M#d ,0O3; sample indicates a decrease in the acidity of
such sites.
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Figure 4.1.9 Data on IR adsorption of CO for 10%Pg\Ru, ,0,/[6%Mg-y-Al 03] and

10%PrNb JR U 103/[10%Mg-y-Al ,03] catalysts after pretreatment in hydrogen:
a) IR spectra of CO adsorbed at 77 K and CO pressu.1 — 10 Torr;
b) The difference IR spectrum of CO adsorbed a &nd CO pressure of 10 Torr

Figure 4.1.9 displays IR spectra of CO adsorbed7aK on 10%PrNj¢RUy 103/10%Mg-
Al,O3 catalysts after hydrogen pretreatment at CO pres8iul — 10 Torr. Similar spectra were
obtained for other samples. In the spectrum of F¥ip JRUy103/10%Mg+-Al,O3, the band at
2150 cm* can be assigned to CO adsorption on both the @dpgrand praseodymium or /g
cations; the bands at 2165-2190 tmorrespond to CO adsorption on*Atations (Lewis sites);
and the band at 2085 chis typical of linear CO complexes with metallic i Ru.

For the studied catalysts, the shift of absorptiamds in the region of 3570 — 3730¢m
(Figure 4.1.9 b), which are typical of CO compleresorbed on OH groups of alumina, indicates a
further decrease in acidity as compared to the @ippSuch a shift was most pronounced for the
10%PrNb R U 103/10%Mg-Al,O3 catalyst. Overall, the analysis of the shift oésb bands and
proton affinity of the corresponding OH groups (TEald.1.4) showed that an increase in Mg

concentration in the tested catalysts decreaseantioeint and strength of surface acid sites.

78



Table 4.1.4 Position, shift and proton affinity (PA) of afor CO complexes adsorbed on OH

groups

Sample Non, ¢+ | Avon, cmi* | PA, kJ/mol

6%Mg-y-Al .03 3730 215 1223
3770 155 1285

10% PrRy.1Nig.g0s/6%Mg-y-Al .03 3730 160 1280
3770 150 1292

10%Mg-+y-Al,03 3730 170 1268
3770 140 1305

10% PrRy.1Nig.cOs/10%Mg+-Al ;03 3730 80 1413

4.1.5. Effect of magnesium content and its introdion method on the nickel reducibility from
the catalyst precursors

Typical TPR-H spectra of LnNjgRu 103/0-15%Mg+Al O3 samples are displayed on Figure
4.1.10. In all cases, the spectra have a high-teatype peak above 600 and a series of broad
low-intensity lines in the low-temperature regitimerewith, the profile of the spectra and positions
of the peaks depend on magnesium concentrationitandtroduction method and are weakly
dependent on the nature of a rare-earth elemerd. Spectra of 10%LalRup 103/[y-Al2O5]
without magnesium and 10%LaNRuy05/[6%Mg-y-Al,0s°], which was obtained by
impregnation of the initial aluminum hydroxide, adentical: a broad low-temperature shoulder
below 400C may correspond to the reduction of highly dispefdiO clusters. The high-
temperature peak at 840-88Dcorresponds to the reduction of Ni@k.

Spectra of the LaNpRW 103/[6%Mg-y-Al,O3] and LaNpgRuy 103/[10%Mg-y-Al 0]
samples, which were prepared by impregnation ofdhreedy-Al,O3; with aqueous solutions where
magnesium concentration was equal to 6 and 10 wh&ge a more complicated profile. This is
caused by the appearance of a new nickel statéedeta the formation of a NiO-MgO solid
solution, as was shown by XRD, UV-Vis and XPS. Thgpectrum of the
10%PrNp.oR W 105/[10%Mg-y-Al,057] sample, which was obtained by magnesium deposiivy-
Al, O3 from a polymeric organic solution, contains a Iltamperature peak at 20, which
corresponds to the reduction of highly disperséigdas of Ni and Ru oxides that are weakly bound
to the support surface. For all the samples, thiem p@ak located in the temperature range of 740-

860°C corresponds to nickel reduction from the sjpstructure.
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Figure 4.1.10 TPR-H, spectra for LnNjgRwp 105/0-15%MgyAl,O3 samples

As the Mg content is increased, this peak shifisatd low temperatures for both the
lanthanum and praseodymium samples.

Such a behavior was observed in [157, 167, 169} 47& corresponds to an easier reduction
of nickel from the NiMg:1_Al.O4 mixed spinel phase as compared to NiAl An increase in the
perovskite content to 20 wt.% produces four peaksthe reduction curve (Fig. 4.1.11), which
correspond to four states of nickel in the oxidee Tow-temperature peak at 250 °C corresponds to
the reduction of highly disperse ruthenium oxides] a weak shoulder in the region of 410 °C can
be assigned to nickel reduction from the individagide. Taking into account TEM and UV-Vis
data, a broad peak with the maxima at 700 and 83@otresponds to nickel reduction from NiO-

MgO, NixMg1-xAl.04 and the perovskite-liker,NiO4 phase.
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Figure 4.1.11 TPR-H, spectra for mPriigR W 103/n%Mg-y-Al ,03 samples: the effect of m -
percentage of the perovskite supported
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4.1.6. Conclusion to Section 4.1
The properties of the supported complex oxides wighgeneral formula mLn{léRw 10s/NMg-

v-Al,0O3 (Ln = Pr, La) were synthesized and studied usimghysicochemical method’s complex
(BET, XRD, TEM with EDX, XPS, UV-Vis, IR-spectrospy of adsorbed CO and TPR)HThe

shortcut of the results obtained is as follows:

The average SSA of all samples obtained is abddt1 20 nf/g.

The samples are oxides with a spinel structure intheased lattice parameters due to the partial
incorporation of magnesium and nickel cations thilattice.

Among the several methods of the supports modifinatvith Mg, the impregnation of the
formed gamma aluminum oxide with an aqueous salutfamagnesium nitrate makes it possible
to obtain supports with predominant distributiomadgnesium on the support surface; therefore,
this method was chosen as the best one for thénesist of catalyst supports. For samples
obtained by this method, an increase in the Mgearant 10% leads to the formation of a phase
of MgO, with the amount increases with increasimg Mg content to 15%. The study of these
supports by the IR spectroscopy of adsorbed CO sldecrease in the acidity of the surface
with an increase in the surface concentration ajmsaium.

It was shown that, Mg concentration affects theriattion of nickel with the support: at n = 6%,
nickel is predominantly incorporated into theAl, O3 to form spinel Ni(Mgix)Al,O4; at n>
10%, a solid solution of NiO-MgO is additionallyrfoed. With a 20% perovskites content, some
of the nickel shown to be part of the superficigrqvskite-like structures PriRu.xOs u
PRNixRW 4Oa.

The effect of the magnesium introduction methaglcdantent and perovskite composition on the
formation of the active phase of metallic nickel ime process of reduction treatment is
established. According to the results of TPR4He decrease in the reduction temperature of the
catalysts occurs with an increase in the Mg surfameentration (the optimal one is achieved
using impregnation of the-Al,O5; formed with an aqueous solution of magnesium rmfréte

Mg amount of 10-15% wt). Such a behavior correspaidan easier reduction of nickel from
the NikMg:1-,Al 04 mixed spinel phase in the samples with 10% wt., as compared to Ni&d4
phase inherent in samples with a magnesium corieldw 6 % wt. An increase in the
perovskite content to 20 wt. % make more pronoutikechigh-temperature broad peak with the
maxima at 700 and 832 °C corresponds to nickelatsalu from NiO-MgO, NiMgi-xAl.O, and
perovskite-likePrNikRu .xO3 phase, which are the preferable phases to redumedto obtain a
high-dispersed metal particles with strong Me-Supjpderaction.
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4.2. Catalytic activity in steam reforming of ethah

The catalytic activity of the series of samples whasglied at 500-800 °C using catalysts with

the grain size of 0.25-0.5 mm under conditionsegponding to the blank run, which was described

in Section 3.2.2. The study showed that magnesiomteat and its introduction method as well as

the composition and amount of the deposited perte/sletermine the catalytic behavior of the

systems produced.

1) Effect of magnesium introduction method

A similar catalytic behavior was observed for saesplvith unmodified/-Al,O3; support and

with supports modified by the methods which, acoaydo physicochemical studies, do not ensure

a complete surface coverage with magnesium {Md-0s° and Mgy-Al ,03").
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Figure 4.2.1. The effect of Mg concentration asdntroduction method on the activity and
selectivity of LaNp oRup 104/6-10%MgyAl,O5 catalysts in steam reforming of ethanol.
Catalyst grain size 0.25-0.5 mm, contact time @,0AO:EtOH =4

These samples demonstrate a low selectivity fordgeh in the temperature range of 500-

750 °C, and the observed > 80% conversion of ethamhothe indicated temperatures was
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accompanied by a high yield of ethylene (70%). Tieigularity was established for lanthanum-
containing  samples  10%LagdRW 10y/[y-Al03]  without ~ magnesium  and  for
10%LaNj, Ry, ,O,/[6%Mg-y-Al ,03"] on the support obtained by magnesium introductibrihe
aluminum hydroxide step (Figure 4.2.1). A companriseith the 10%LaNj Ry, ,0,/[6%Mg-y-
Al, O3] sample obtained by impregnation @fAl,O3; with magnesium revealed a substantial
enhancement of catalytic properties after magnesniroduction by this method: 100% conversion
of ethanol for this sample was reached alreadyOat°€, the yield of hydrogen was close to the

thermodynamic limit over the entire temperaturegeggrand the yield of ethylene at the indicated
temperature did not exceed 10%.

100+ O*j; jQ?O*O

-
0 100+
A/7%E ] ;,419
1 / 80 / D/
H o
=) A )
i’ 601 o 60- /
k=) © ° //o /
o] k=]
o © 1
E 40{ —2—PrRu Ni O/[6%MgA O] = 40. /B/A
—0— PrRu o 1N| o 903/ [10% Mg-Al 2Oa] 20
201 —o— PrRu o lN| o 9O / [15% Mg-Al 203] ]
1 0 . . . .
0 - 500 600 700 800

500 600 700 800 Temperature, C
Temperature, °C

100+

80+ —5

60

40

Selectivity, %
Selectivity, %

204

500 600 700 800 500 600 700 800
Temperature, C Temperature, C

Figure 4.2.2 Temperature dependences of ethanol conversiomoged yield, and selectivities for
CO and GH, for praseodymium-containing catalysts with diffgtrenagnesium content.
Catalyst grain size 0.25-0.5 mm, contact time @,0AO:EtOH =4

On Figure 4.2.2, catalysts with different suppate compared using on an example of

praseodymium-containing samples. The high selégtifor ethylene and methane and low
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hydrogen vyield in the case of magnesium depositein fan organic precursor for the
10%PrNp sRup 105/[10%Mg-y-Al,057] sample agree with XRD and UV-Vis data indicatmaveak
interaction between MgO and A&);. Therewith, comparable data were obtained for lystsa
10%PrNb R U 103/[10%Mg-y-Al,03] and 10%PrNjdRU 103/[MgAl O3] (magnesium content
17 wt.%).

The results obtained in the study corroborate itleeature data and testify that dehydration
process of the steam reforming intermediates pdsea the alumina surface. A higher surface
concentration of magnesium in the samples lead$etwease in the concentration of acid Lewis
sites responsible for the formation of strongly hdwthoxy species — carbon precursors, which is
confirmed by a decrease in selectivity for ethylevith increasing the surface concentration of

magnesium.

2) Effect of magnesium content

An increase in magnesium content in the catalyst decreases the selectivity for ethylene at
temperatures below 600 °C for both La- and Pr-domg catalysts. Data on ethanol conversion,
hydrogen vyield, and selectivities for CO angHg obtained for praseodymium-based samples are
displayed on Figure 4.2.2. For these compositiangjecrease in the selectivity for ethylene
correlates with a decrease in the surface acidityutated from IR spectroscopy of adsorbed CO
(Table 4.2).

Table 4.2.Selectivity for GH4 and proton affinity (PA) (from IR data about CGsatption* on
hydroxyl groups — a.b. 3730 cfiversus magnesium content for catalysts
10%PrNb,gRuo,103/n% Mg-‘yA' 203, n=6,10

Catalyst
PrNig.sRUp :05/6% MgAl,03  PrNipdRUy.105/10% MgAl 03
PA, kd/mol 1280 1413
Selectivity inC,Hg, %
500°C 50 40
550°C 62 50

*CO was adsorbed on the catalysts that were redncadnixture of 5%Hin He at 400C.

Measurements of the catalytic activity of lantharcomtaining samples

10%LaNj, Ry, ,O,/[nMg-y-Al ,O,] with different magnesium content in ethanol steaaforming

showed that the hydrogen yield and selectivitigsd® and CQ are much lower for the catalysts

supported ony-Al,0; and6%Mg-y-Al,03° with a low surface content of magnesium as contpare
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to other compositions. At the same time, selegtifitr ethylene decreases with increasing the
surface content of magnesium, which is caused Hgaease in the concentration of acid Lewis
sites on the support surface (Figure 4.2.2).

In situ IR spectroscopy study of the surface complexesgaséous products formed via the
interaction of ethanol and ethanol-water mixturéhviine catalyst surface showed that an increase in
magnesium concentration facilitates the preferérfbamation of weakly bound monodentate
ethoxy groups with a high reactivity [273].

3) Effect of the nature of a rare-earth element

When magnesium content in the catalyst exceedst20,wickel-containing catalysts based
on lanthanum and praseodymium exhibit identicalvagt(Figures 4.2.1 and 4.2.2). High ethanol
conversions for the samples are reached alread@(tC; therewith, the high yields of hydrogen

and CO as well as the low selectivity for by-produare retained.
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4.3. Catalytic activity in steam/oxy-steam reforrgiof glycerol

As for the massive catalysts (Section 3.2.4), thea dn the glycerol conversion to gas
products X and the distribution of productivities in the gase phase were obtained for the

following parameters: the reaction mixturgHgOs: H,O = 1:9, gas hourly space velocity of
28000 R and temperature 650 °C.

First of all, it should be noted that the catalystth unmodifiedy-Al,O3 and with 6%Mgy-

AI203D support, which are ones where a uniform surfaceera@e with magnesium was not

obtained, are inefficient toward steam reforminglyterol.
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Figure 4.3.1 Glycerol conversion to gas; and productivities to the gaseous prodigtior the
10%LaNb gRup 105/[6%Mg-y-Al ,03°] sample in @) GSR (§Eg0s: H,0=1:9, GHSV=28000 T,
T=650 C) and b) GOSR (§Hg0s:H,0:0; = 1:9:0.25, GHSV=280001 T=650 ) reactions

As an example, Figure 4.3.1 displays data for tb%IJaNb,gRLb,logl[6%MgJy-Al203D]
sample. A minor increase in the hydrogen produstivi the first hours of the reaction indicates a
non-zero initial activity of the catalyst. Nevertbgs, after 4 hours of the reaction, hydrogen
productivity reaches a constant value of 0.8 mghtel glycerol, does not change until experiment
termination and corresponds to the gas-phase nahyia reaction. Thus, fast deactivation is
observed for these samples, which is related toinkielvement of surface acid sites in the
formation of carbon, which blocks active metal sit€he oxygen addition to the reaction mixture
(Figure 4.3.1, b) substantially enhances the gbloswnversion due to increasing the selectivity for
CO; however, the yield of hydrogen attains a maxmaf 3.5 mol H/mol glycerol after 3 hours of
the reaction and drops to 0.8 maVidol glycerol already after 7 hours of the reaction

In this connection, the reaction was carried ouhwie most promising supported catalysts

whose supports were modified by impregnation offtliened alumina from an aqueous solution. In
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general, stability is determined mostly by magnesaontent and method of its introduction, while

selectivity for hydrogen and by-products as weltasversion — by the perovskite composition.

1. Effect of magnesium content

Figure 4.3.2 displays productivities for main prottuand glycerol conversion to gas for the

praseodymium-containing series of catalysts 10%f3RN 10s/[n%Mg-y-Al,Oz] with different
magnesium content versus the reaction time.
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Figure 4.3.2Glycerol conversion to gasy and productivities to the gaseous prodigts the
glycerol steam reforming reaction 403 H,O=1:9, GHSV=28000"h T=650 ) obtained for
10%PrNb dR Uy 103/[n%Mg-y-Al ,O3] samples with different magnesium content in tingp®rt

The maximum activity of these catalysts was readfest five hours of the reaction, with the
maximum yield of hydrogen corresponds to the thetynamic limit (6.2 mol H/mol glycerol).

The deactivation rate after five hours of the resctiepends on magnesium content in the samples.
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For the sample with the 6 wt.% magnesium content rtiost rapid decrease in the hydrogen
productivity was observed. High value of glycerohgersion is provided by the ethylene formation
that becomes a main reaction product.

Influence of the rare-earth element nature is mmohe pronounced in the catalytic behavior
of the deposited perovskites family in the steafarming reaction of glycerol comparing with the
ethanol one. Other things being equal, glycerolveosion is higher for Pr-containing catalysts.
Figure 4.3.3 illustrates a comparison of the c#tlpehavior of 10%LaNisRuy 103/[10%Mg-y-

Al ;O3] and 10%PrNj oRw 103/[10%Mg-y-Al ,03] samples.

10%LaNi, Ru, O,/[10%Mg-y-ALO J] *%
10%PrNi Ru, O,/[10%Mg-y-AL,O,].
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Figure 4.3.3.Glycerol conversion to gasy and B productivitiy in the glycerol steam reforming
reaction (GHgOs3: H,0=1:9, GHSV=28000 Hh T=650 <) obtained for
10%LnNip oRup 10s/[N%Mg-y-Al 03] (Ln = La, Pr) samples with different Ln cation

An increasing of the perovskites amount in the lgataup to 20% does not lead to a
significant improvement in the activity but slightimprove the stability after 8 hours of reaction
run (Figure 4.3.4). For the 20% sample, hydrogexdpctivity shows only a minor decrease with

time and after 20 hours of the reaction is equal5tanol H/mol glycerol (80% of the
thermodynamic limit).
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Figure 4.3.4.Glycerol conversion to gas; and H productivitiy in the glycerol steam reforming
reaction (GHgOs: H,0=1:9, GHSV=28000H T=650 ) obtained for samples with different
perovskites amount

The oxygen addition to the reaction mixture sulisally improves stability of the catalysts
and maintains the high yield of hydrogen. Figur@.3l.displays the time dependences of

productivity for hydrogen and ethanol conversiom foe 10%PrNjoRup 103/[15%Mg-y-Al,O4]
catalyst, which is most stable in GSR.
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Figure 4.3.5.Glycerol conversion to gasy and productivities to the gaseous prodigtior the
10%PrNb dR Uy 103/[15%Mg-y-Al ,03] sample in a) GSR #E1s03: H,0=1:9, GHSV=28000T,
T=650 ) and b) GOSR (§H50s:H-0:0; = 1:9:0.25, GHSV=280001 T=650 ) reactions
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4.4. Conclusion to Chapter 4

The effect of magnesium content and method ofmitioduction, as well as composition and
amount of the deposited perovskite precursor orathigity, stability and selectivity of the catalys
in steam reforming of ethanol, steam and steam-exygforming of glycerol was revealed. The
catalytic testing showed that all the tested catalyare active in the studied reactions. It was
demonstrated that activity, selectivity and stapilof the catalysts depend on the nature of
lanthanide and transition metals, Mg amount andhodos used for catalyst synthesis and

modification.

- The results obtained in the study corroborate ifeeature data and testify that dehydration
process of the steam reforming intermediates with touble C=C-bonded compounds
formation proceeds on the alumina surface. Thesaging of the Mg amount from 6 to 15 %
wt. for the samples obtained via impregnation & fitrmed gamma aluminum oxide with an
aqueous solution of magnesium nitrate makes itiplest obtain supports with predominant
distribution of magnesium on the support surfacevigling a sufficient Mg surface
concentration. This leads to decrease in the saiidadaity calculated from IR spectroscopy of
adsorbed CO decreasing the selectivity for ethykrntemperatures below 600 °C for both La-
and Pr-containing catalysts in the ESR and GSRioeeC

- For the ESR reaction when magnesium content incttalyst exceeds 10 wt.%, nickel-
containing catalysts based on lanthanum and prgseach exhibit identical activity. High
ethanol conversions for the samples are reacheddjrat 600 °C; therewith, the high yields of
hydrogen and CO as well as the low selectivitydgfproducts are retained. In case of GSR
reaction, the influence of the rare-earth elemetire is much more pronounced: other things
being equal, glycerol conversion is higher for Briaining catalysts.

- The most active and stable catalysts in both reastare the samples containing Pr and Ni and
10-15 % Mg amount: 10%PrjiRu 103/[10-15%Mg+v-Al ,O3].

- It was shown that the addition of oxygen to thectiea medium decreases the formation of all

forms of carbon deposits.
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CHAPTER 5. STRUCTURED CATALYTIC SYSTEMS LnNi ¢ dRuo.10s/nMg-y-Al>03

DEPOSITED ON DIFFERENT FOAM SUPPORTS: ASSESSMENT OFCATALYTIC

PROPERTIES AND STABILITY IN STEAM AND OXY-STEAM REF ORMING OF
ETHANOL IN CONCENTRATED MIXTURES

In order to increase further the specific surfaceaa of the prepared catalytic materials
supported on modified Mg-Al O, and to test the possibility of their potential kpgtion in the
industrial fuel cells the structured foam-like elats were used as a structure-forming framework.
This chapter is devoted to the investigation of #¥#oLaNj Ru, ,0,/6%Mg-y-Al O, catalysts
supported on different porous foam supports prepaia deposition from the catalyst’s organic
suspension followed by calcination at 900 °C. Aityivf catalysts and estimation of their stability

in steam and oxy-steam reforming of ethanol reastim a pilot reactor in concentrated mixtures

were studied.
5.1. Structural and textural properties of initial supports and catalysts

The only one catalyst with the composition of 10%LaRuy,,0,/6%Mg--Al,O, was chosen
for this study. It was supported on porous plasetetide of the Ni-Al alloy, Ni-Al-SiC and Ni-Al-
SiC/corundum ceramics by the method described e Ghapter 2.1.4, 10%wt. of the active

component was added finally to an initial plateléame characteristics of the initial foams are
listed in the Table 5.1.

Table 5.1Main characteristics of structured substrates

Ne | Chemical composition, wt.% | DensityPore size/porosity | Heat conductivity] Shape and
g/cm3 wm?tK? size, mm
1 Ni-Al alloy, Al 10% 25 60 ppi/65.6% 9.8 35 x 351
SiC 40%; AJOs-SIO; rest 0.5 30 ppi/75.5% 3.5 38 x38 x5
3 a-ALOs; 45%; ALOs-SIO; rest | 0.6 30 ppi/78.6% 1.7 38 x38 x5

The data is given for pure structured foams withewgported perovskite precursors. The most
dense foam and probably the most robust in thenteah use is the metallic Ni-Al alloy. It
possesses the highest heat conductivity 9.8%/frwhich makes this foam very convenient for use
as a support in exothermic reactions, as steanrméfg of oxygenates are, where could be a
problem of the fast heat evacuation. The methodhef Ni-Al alloy plate’s synthesis provides

passivation of the nickel surface, preventing éstipipation in the reaction or oxidation process.
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The SEM pictures of the wall section for the pleteds prepared and calcined in air at 900 °C
proves the stability to oxidation due to the Niglloy surface layer (Fig. 5.1. b).

As prepared |

AlLO,+NiAl,0,

60mKm ! L 60MKmM

| Calcinefi at 900 °C in air | A|,03+Ni,£\1204

100mKkm ! ) 100Mkm

Figure 5.1 —a. — The photography of Ni-Al foanh, - SEM pictures with EDX analysef the wall section:
as prepared (top) and calcined at 900°C (bottom)

From the other side other structured supports (&iet ALOz-based) have bigger porosity that
can be a positive factor for lower diffusion lintitns and thus more effective heat evacuation with
the gas flow. After the deposition of the activenpmnent on the three structured supports the
platelet's surfaces were evenly covered with thialgsts without blocking the pores, which was
noticeable in the SEM pictures for these structsgsiems.
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5.2. Catalytic activity in steam/oxy-steam reformiig of ethanol
The activity of the 10%Lalyi,Ry, ,0,/6%Mg+-Al O, catalyst supported on porous platelets

was studied in steam and oxy-steam reforming adreghin concentrated mixtures at a temperature

of 850 °C, contact time 1 s, and different composg of the reaction mixture:

Ethanol oxy-steam reformingEOSR) 29% €HsOH + 57% HO + 3% Q + 10% N;
Ethanol steam reformind@ESR) 30% gHsOH + 60%H,0 + 10% N.

For all the catalysts studied, conversion of etharas 100% under the indicated conditions.
Figure 5.2 (a) displays comparative data gnadd CO concentrations in the reaction products of
ethanol steam-oxygen reforming for three differsugports.
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Figure 5.2.a— H, and CO concentrations in the EOSR products fod @%LaN}, Ru, ,0,/6%Mg-
v-Al,O, catalyst supported on (I) Ni-Al, (I1) SiC/AI-Si-@nd (Ill) corundum/Al-Si-O foam

supportsb — H, and CO concentrations in the reaction productsdigtability testing performed
consecutively for EOSR and ESR reactions usind @LaNp oRup 105/6%Mg-y-Al 05 catalyst
with the Ni-Al foam support

As it can be seen on the plot, the highest conaBatrs of hydrogen and carbon monoxide
were 49 and 27 %, respectively; as expected theg wlatained for the sample with the Ni-Al foam
support. Its high activity was caused by a higlmermal conductivity, which ensures an efficient
heat transfer along the catalytic bed. The lowedrbgen and CO concentrations in other two

samples may be caused by collateral reactionsctdtl be favorized in these conditions — long
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contact time, noeffective products and heat evacuation that causedsorption of produced,
and CO on the catalyst surface and their furthédadion.In a Figure 5.5, the SEM pictures of the
catalysts used are givemhe well-preserved structure and thbsence of filamentous carbon

clearly visible.

| Ni-Al | | SiC/AI-Si-O | | a-Al,0, /AI-Si-O |

Figure 5.3.SEM picturesof the structured catalysts basedl@®%LaN , Ru, ,0,/6%Mg-y-
Al O, supported on (1) NAI, (II) SiC/Al-Si-O and () a-Al,03/Al-Si-O foam supports after
EOSR reaction

Stability testing of th catalyst [10%LaNjRu, ,0,/6%Mg-y-Al ,O,/Ni-Al foam support] in
EOSR and ESR reactions, which were performed consegyton the same platel shows that the
catalyst does not lose its activity for 40 hc of operation in ancentrated mixtures (Figure b).

The data obtained for the supported cata (the second fami from the Chapter 1V),
revealing that the Fvased samples are more active tha- based onesllow us to expect the eve
better activity andstability of the structured catalysts using the il dRUy.10s/Mg-y-Al,03
composition; esearch in this direction is plant and will be the further direction of these syst’
improvement.The results obtainegive a very promising expectatiothat he catalysts based on
LnNip oRW 103s/Mg-y-Al .03 on the structuredsupports proposed in the work can be employe
develop highly efficienteactors for the production thydrogen and syngas as well medium-

temperature fuel cells.
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CHAPTER 6. MAIN CONCLUSIONS

The purpose of the work was to find the active stadble cost-effective metal-oxide catalysts
for the promising process of steam reforming ofntass-derived oxygenates as ethanol and
glycerol. According to the literature data analysie main points to be solved were determined.
The general one was using as an active componkiivety cheap transition metals instead of
precious ones. Among others, Ni and Co were chofenovercome the most severe obstacle
inherent to these catalysts’ group — intensive @aigation during the reaction causing fast
deactivation — several approaches were implemented.

1. The metal particles have to be as small as Iplessith the strong metal-support interaction
to prevent its sintering and enlargement underti@aenedium. In this work, it was supposed to

achieve this goal through the use of the Ni(Co)taming mixed oxides as precursdhat can be

activated by reduction with the partial emergehaf tations needed from the structure to form high-
dispersed well-distributed metal nanoparticles o surface of remaining oxide. Moreover, rare-
earth elements the composition can help to enhance the catabtsbility helping to oxidize the
coke precursors. Ni(Co) dispersed particles canadhditionally stabilized by Ni-Fe(Ru) alloy
formation possessing strong interaction with thelexemaining and in case of mixed oxides doped
with transition (Fe) or precious (Ru) metals

In this regard, thdirst catalysts’ family based on perovskites withet general formula
LnFeixyMxRuOs (Ln = Pr, La, M= Ni, Co, x = 0.3; 0.4 y = 0; 0.as synthesized by the
modified Pechini method and it both physical-cheahi@nd catalytic properties were studied. To
identify the effect of perovskite precursor’'s syggls method on the activity and selectivity of the
catalysts, a series of 5% Co(Ni)/Prize€mparison catalysts were prepared by impregndtiag
perovskite PrFe@with the Ni(Co) nitrates solution.

The results of the textural and structural propsrstudies of the samples were analyzed in
details. It was shown, that by the modified Pechmethod from organic polymer solution followed
by calcinations at 700-900 °C, a single-phase mites LnFe..,MRu,0s(Ln = La, Pr,M = Ni,

Co) of the orthorhombic structure are formed fa parameters:<0.3 for Ni, xX0.4 for Co; y = 0-
0.1. In the case of 5% M/PrFe@amples obtained by impregnation, Ni(Co) are noluded in the
perovskite structure and are present as individuales of NiO or CgO4 on the PrFe@surface.
The investigation of surface characteristics shthas average SSA of all samples obtained is about
4-10 nfl/g, which are typical values for perovskites ofstiomposition. The TPR-Hstudies
showed that the reducibility of individual perovskidepends on its composition and doping

cations, but in general for all perovskites the sasduction tendency is observed: up to 500°C in
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hydrogen flow the structure remains stable (acogrdo TPR-H data up to 100% of Ri(Co®")
reduced to Ni"(Co™) within the perovskite structure). Further inciegsof temperature up to
800 °C leads to a Ni(Co) and Fe metallic partigkestially emerge from the perovskite and
stabilized on the surface of oxide with simultaredarmation of Pr oxides phases. Perovskite
reducibility depends both on the nature of the Hanide and transition metal: Pr-containing
samples are reduced more easily than La-contai@ind, Ni-containing are reduced more easily
than Co-containing.

Tests in the steam reforming of ethamedction in the temperature range 600 - 850 °Gef

catalysts preliminarily reduced in hydrogen at 8@0show that for all LnFe.,M;Ru,O3 samples
similar dependencies are observed - high valuethainol conversion are observed already at 700
°C, and the main reaction products ate, O and CQ@ The samples containing Pr exhibit higher
activity and stability than the La-containing dwethe high red-ox activity of the praseodymium,
which promotes the oxidation of coke precursorse altivity of samples based on Co is much
lower than for Ni-containing analogs over the entemperature range. At the same time, a high
yield of acetaldehyde and ethylene indicates arme of conversion of these intermediates to the
target products. The results obtained are consistéh the difficulty of reducing Co from the
perovskite structure shown by the TPR+Hethod. Comparison of the activity of catalystsdzhon
LnFexyMxRuO3 and 5% Co(Ni)/PrFe©shows that the supported 5% Co(Ni)/Prge@e more
active at K700 ° C, which is due to an easier reduction okelicobalt, according to the TPR-H
data. However, the tests of these samples at dacariemperature of 650 ° C for 7 hours showed
rapid deactivation in the case of 5% Co (Ni)/Pri;e@hd TEM images of the catalysts after the
reaction indicate a significant sintering of thetat@articles for the impregnated samples. Thuss, th
catalysts based on substituted ferrites LpE®Ru,Os demonstrate greater resistance to sintering
of metal particles and carbonization as a resulstafng interaction of metal particles with the
support and dilution of nickel ensembles due toftimmation of a Ni-Fe(Ru) alloy. Analysis of the
catalytic data revealed that the main route forethanol steam reforming reaction in the presence
of perovskite-based catalysts is the dehydrogemattd ethanol to form an intermediate,
acetaldehyde, which contributes to the high stigtilf these samples to carbonization

The LnFe...yMxRu,0O3 catalysts were reduced in hydrogen at 500 ° C esteéd as well in the

steam reforming of glyceroteaction at 650 °C. For samples based on nickEeyRNip 303,

Lag Pro.sFen7Nig 303, PriFe ¢NipsRW 103, it was shown that the character of the changéh@n
conversion level and hydrogen yield in time dependsthe materials’ composition. Thus, for
samples PrreNio 303 and La ProsFeyNip30s, @ maximum on the curves is observed probably

due to perovskite additional reduction in the resctmixture, followed by a rapid decrease in
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activity caused by carbon deposit. The high initiattivity of the catalyst based on
PrFe eNigsRU 103 can be explained by the presence of ruthenium deatreases perovskite
reduction temperature below 300 °C, so the actikasp formation occurs completely during
pretreatment. In addition, the activity of thisalgst decreases gradually and slowly enough, which
indicates its greater resistance to coking comgasiith the non-ruthenium samples. According the
Ln cation influence, for praseodymium-based catalyfigher hydrogen yield and glycerol
conversion to the gas phase are observed. Thantl CQ productivity, at a close Kvalues, are
higher for the sample based on Ry§doRW 103. Tests of catalysts based on cobalt showed that
they exhibit low activity in reactions leading teetformation of hydrogen: despite the conversion
of glycerol to the gas phase Xg of 70%, the hydnogeoductivity for cobalt-containing systems
even with the addition of oxygen (GOSR) remains [@v8 mol H/mol G52~ ), which corresponds

to the value for the sample PrFa@thout presence of any active metal.

Summarizing all the data obtained for the first ilgmit was shown that perovskite-based
catalysts LnFg,yMxRu,O3 with optimized composition — praseodymium-, niekahd ruthenium-
based - exhibit high activity and stability in bo#actions studied. Nevertheless, with satisfactory
stability in the steam reforming of ethanol, suomgpositions deactivates significantly in the steam
reforming of glycerol reaction, even most effectRi- ¢Nigp sRUy 103 ruthenium doped one. In this
connection, there was a need to further improvetbperties of precursor materials.

2. First of all, it was necessary to increase tpectsic surface areas of the catalysts,
additionally reduce as much as possible the comteatfairly expensive rare-earth elements. It was
proposed to achieve this property by using an alarbiased support for perovskite with a high

specific surface area. Widespread in industry ieesp/e_high SSA suppoytAl,O; is also well-

known as an oxide with the acidic properties. Beusgd as a catalyst for oxygenates’ steam
reforming reaction, it will dramatically suppresstability by initiation of the dehydration reaatio
with the carbon deposits rapid accumulation. Irs tbdonnection, it is necessary to decrease the

surface acidity; well-studied method of the surfawedification with alkaline-earth element Mg

was chosen. There were several issues to overdmsteof all, the synthesis of the systems that
combine several structural types in one is a naatrtask, poorly lit in a literature. Moreover,rfo
the active metal used (nickel), the possibilityeaistence in both the applied component and the
carrier phases complicates the preparation ofaystwith controlled properties.

In this regard, thesecond catalysts’ family based on supported catslysith the general
formula mLnNig gRUp 103/N%Mg-y-Al,O3 (Ln = La, Pr, m = 10; 20, n = 6; 10; 15) was swsiked
and studied. Supported catalysts mLydRiLy 103/n%Mg-y-Al 03 (Ln = La, Pr, m = 10; 20, n = 6;
10; 15) were synthesized via the deposition of y&kibe precursors from agueous or organic
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solutions onto the modified support [MeAl,O,]. The investigation of surface characteristics

shows that average SSA of all samples obtainethasitaB0-110 rffg, which tenfold higher than
that for massive perovskites one.

Using a set of methods, it was shown that during #ynthesis of the supported
mLNNig dR Uy 103/n%Mg-y-Al ,03 samples the introduction of magnesium and niakeéhey-Al,03
support occurs. Studies aimed at elucidating tHieceff the Mg introduction method into the
support and its content have shown that the imegm of the formed gamma aluminum oxide
with an aqueous solution of magnesium nitrate maiepossible to obtain supports with
predominant distribution of magnesium on the supporface; therefore, this method was chosen
as the best one for the synthesis of the catalgsigports. For samples obtained by this method, an
increase in the Mg contert10% leads to the formation of a phase of MgO é&hmunt of MgO
phase is increased with the increases in the Mgpabdto 15%). The study of these supports by the
IR spectroscopy of adsorbed CO shows a decreabe iacidity of the surface with an increase in
the surface concentration of magnesium. Furtherptbiee Mg introduction not only reduces the
acidity of y-Al,O3 but its concentration affects the interaction ofkei with the support: at
n = 6%, nickel is predominantly incorporated inte $-Al,O3 to form spinel Ni(Mg1-x)Al>O4; at n
> 10%, a solid solution of NiO-MgO is additionallgried. With a 20% perovskites content, some
of the nickel shown to be a part of the superfigpatovskite-like structures PrifRu;.xO3 and
PrRNixRW 4Oa.

The TPR-H studies showed that the reduction of mLydRiL 10s/n%Mg-y-Al,O3 samples
with the formation of highly dispersed metallic plrticles and the Ni-Ru alloy is determined by
the degree of nickel interaction with the suppeftiijch depends on the concentration of magnesium
and perovskite: its increase leads to a facilitatd Ni reduction from the oxide. Such a behavior
corresponds to an easier reduction of nickel froim MNiMg:1_,Al.O4 mixed spinel phase in the
samples with r» 10% wt., as compared to Ni&d4 phase inherent in samples with a magnesium
content below 6 % wt. An increase in the perovsidetent to 20 wt. % make more pronounced the
high-temperature broad peak with the maxima at &t 832 °C corresponds to nickel reduction
from NiO-MgO, NiMgi-xAl, 04 and perovskite-lik€rNiiRu . xO3 phase, which are the preferable
phases to reduced from to obtain a high-dispersedalnparticles with strong Me-Support
interaction.

Tests in the steam reforming of ethamedction in the temperature range 600 - 850 °@ef

catalysts preliminarily reduced in hydrogen at 8G0show that the surface acidity of the support is
the essential parameter affect the catalytic ptoggerof the mLnNjoRU 103/n%Mg-y-Al 03
family. The samples with the insufficient Mg suaconcentration demonstrate a low selectivity
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for hydrogen in the temperature range of 500-750a&d the observed > 80% conversion of
ethanol at the temperatures indicated was accomgédny a high yield of ethylene (70%). An
increase in magnesium content in the catalyst dsesethe selectivity for ethylene at temperatures
below 600 °C for both La- and Pr-containing catiygor these compositions, such a decrease
correlates with a decrease in the surface acidityutated from IR spectroscopy of adsorbed CO.
When magnesium content in the catalyst exceeds v, %ickel-containing catalysts based on
lanthanum and praseodymium exhibit identical caéialyehavior. High ethanol conversions for the
samples are reached already at 600 °C; therewihhigh yields of hydrogen and CO as well as the
low selectivity for by-products are retained.

As for the massive catalysts, the steam reformihglycerol studies were also performed.

Data on the glycerol conversion to gas producgsaXd the distribution of productivities in the
gaseous phase were obtained for the following perarst the reaction mixture;s0s: H,O = 1:9,
gas hourly space velocity of 28000 and temperature 650 °C.

It was shown, that surface acidity of the suppastyvell as the composition and amount of the
perovskite deposited determine the catalytic bedranf the systems produced. The catalysts where
a uniform surface coverage with magnesium was mbtiesed are inefficient toward steam
reforming of glycerol at all (the hydrogen prodwii was 0.8 mol H/mol glycerol), or, in case of
sample with the 6 wt. % magnesium, demonstratebampa decrease in the hydrogen productivity
after 8 hours of reaction. For the samples withMgeamount> 10% wt, the influence of the rare-
earth element nature is much more pronounced i@ cA§&SR reaction comparing with the ESR
one: other things being equal, glycerol conversisrhigher for Pr-containing catalysts. The
maximum activity of these 10%PrNRuw 103s/10-15%Mgy-Al,O; catalysts was reached after five
hours of the reaction, with the maximum yield ofllggen corresponds to the thermodynamic limit
(6.2 mol H/mol glycerol). An increasing of the perovskitescamt in the catalyst up to 20% does
not lead to a significant improvement in the at¢yivaut slightly improve the stability after 8 hours
of reaction run. For the 20% sample, hydrogen peoditly shows only a minor decrease with time
and after 20 hours of the reaction is equal to 5 iH#@mol glycerol (80% of the thermodynamic
limit). It was also shown that the oxygen addittonthe reaction mixture substantially improves
stability of the catalysts and maintains the hig#idyof hydrogen.

Summarizing, it is shown that the catalysts of thptimal composition 10-20%
PrNip oRU 103/10%Mg+y-Al .03 provide the greatest yield of hydrogen (~ 90%) stadbility for 8-

20 hours in the both reactions studied at the BG%.
3. To elucidate the thermal compatibility and atyiwf structured catalysts based on porous

supports in a pilot reactor under conditions close to irtdak ones, the catalyst
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LaNig.oRUy 105/6%Mg-y-Al O3 that showed average results in a steam reforméagtions was
supported on three types of porous metallic or hi@tzeramic substrates by slip casting slurries in
isopropanol with addition of polyvinyl butyral foved by drying and calcination under air at 700
°C for 2 h.

The high activity of the catalysts based on stmaxtumacroporous Ni-Al, SiC/Al-Si-O and
Ni-Al-SiC/a-Al 03 carrier was demonstrated in the steam reformiagtien of ethanol in a pilot
reactor. The structured catalyst based on the mtAl platelet provides the yield of hydrogen 80-
87% of oxy-steam and steam reforming of ethanolthe concentrated mixtures (ethanol
concentration of 30%) in a pilot reactor for 40 teo(l = 850 °C, contact time 1s).

It can be concluded that the catalysts investigaii¢l the optimized compositions from both
first LnFex.,MxRUO3 and second mLnlbRUy 10s/N%Mg-y-Al,O3 families are very promising
catalyst for the steam reforming of oxygenates. fBvealed dependences of the catalytic properties
on the chemical composition, textural and acidigperties of the materials can be used for further
studies aimed to improve the catalysts for refognof oxygenates. The catalysts based on
LaNip gRUp 10s5/Mg-y-Al,03 on the structured supports proposed in the work lma employed to
develop highly efficient reactors for the produantiof hydrogen and syngas as well as medium-
temperature fuel cells. The data obtained for tn@perted catalysts, revealing that the Pr-based
samples are more active than La- ones allow ugpea the even better stability of the structured
catalysts using the PrjiRu 103/Mg-y-Al,O3 composition; this assumption requires a further
investigation. Data on the stability of structursgimples with the foam-metallic Ni-Al support
obtained in a pilot reactor for 40 h confirm thatclks systems are promising for introducing the

processes of biofuels to syngas and hydrogen tsemsation into the modern power industry.
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J Synthése et propriétés de catalyseurs a base de Ni
pour la valorisation d'éthanol et de glycérol par
vaporeformage catalytique pour la production
d’hydrogéne

Résumeé

Les trois familles catalytiques a base de perogsleontenant du Ni: massives [[LakeNi,M,O3;]

(Ln=La, Pr; B=Co, Mn, Ru), sur supporimllnNig¢RuUy10s/NMg-y-Al,O3] (Ln = La, Pr) et structuré¢
[mLaNip oRUp 10z/NMg-y-Al ,O45/ mousses structurées] ont été synthétisés, cesdstéet testés dans les

réactions de vaporeformage de I'éthanol et de gilicées effets de la composition chimique et de
méthode de synthese sur les propriétés structsire@tetexturales, ainsi que sur la réductibilité

échantillons initiaux ont été évalués. L'utilisatipréférentielle de Pr, Ni et Ru dans la compasitie
catalyseur a été démontrée pour toutes les familkesdle essentiel de la modification du suppeft ,O;
avec> 10%mass de Mg introduit par imprégnation humiderge catalyseur supporté a également
prouvé. Des catalyseurs de la composition optifmlmissant une activité élevée dans le vaporefgenue
I'éthanol et du glycérol a T = 650 °C ont été temivie meilleur catalyseur massif & base du préau
PrFe eNip 3Ry 1O3 fournit une activité élevée pendant au moins gr&ce a la facilité de leur réduction et
propriétés d'oxydoréduction de l'oxyde de praséadyiormé. Les catalyseurs sur support 10-2
PrNip.oRUp 105/10-15%Mgy-Al ,O;3 fournissent le meilleur rendement en hydrogén®d%) et la stabilité
pendant ~ 20 heures. Le catalyseur structuré opftirdi base de la plaquette Ni-Al métallique foulmi
rendement stable en hydrogéne 80-87% dans I'oxpredprmage d'éthanol dans les mélanges conce
(concentration d'éthanol de 30%) dans un réacieaie pendant 40 heurelses résultats obtenus rendent
systémes catalytiques structurés treés prometteutsiser dans les générateurs électrochimiqueasz le
piles a combustible avec I'utilisation de ressasiremouvelables peu colteuses comme bio-huile.
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Mots clés:vaporeformage, hydrogene, bio-huiles, éthanotégigl, perovskites

Résumeé en Anglais

The three catalytic families based on Ni-contairpegovskites: massive [LnEg/Ni,M,Os;] (Ln=La,

Pr; B=Co, Mn, Ru), supported mLnNigdRU10z/nMg-y-Al,Os] (Ln = La, Pr) and structured
[mLaNig gR Uy 10s/NMg-y-Al ,Osfstructured foamspere synthesized, characterized and tested inefietions
of the ethanol and glycerol steam reforming. THeat$ of the chemical composition and synthesishoeet

on the structural and textural properties, as wsllon reducibility of initial samples were evaldaté&he
preferred use of Pr, Ni and Ru in the catalyst amgitipn was shown for all families. The essentaé rof

the effectivey-Al ,O; support modification with thel0 % wt. of Mg introduced by wetness impregnation

the supported catalyst was also proved. Catalyfisteeooptimal composition providing a high activity

—

steam reforming of both ethanol and glycerol at66® T were found: the best massive catalyst based on
the PrFgeNipRUy 103 precursor provides high activity for at least sy which is explained by the ease| of

their reduction and the oxidation-reduction projgsrof the praseodymium oxide formed. Supporte@0%-
PrNig.oRU 104/10-15%Mgy-Al O3 provide the greatest yield of hydrogen (~ 90%) atability for ~ 20

hours. Structured catalyst based on the metal Notatelet provides the yield of hydrogen 80-87%oxy-

steam and steam reforming of ethanol in the conatat mixtures (ethanol concentration of 30%) ilat

reactor for 40 hours. The results obtained makeettstructured catalytic systems very promisingge in

electrochemical generators based on fuel cells thihuse of inexpensive renewable resource — hio-oi
Keywords: Steam reforming, hydrogen, bio-oils, ethanol, ghpt, perovskites
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