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2. Streszczenie w jezyKku polskim

Wiele proceséw przemystowych opiera sie na katalizie homogeniczne;j.
Zastgpienie homogenicznych proceséw katalitycznych heterogenicznymi (np. staty
katalizator, reagenty w fazie ciektej) umozliwia ponowne zastosowanie katalizatora,
a takze niejednokrotnie prowadzenie reakcji w tagodnych warunkach (np. w nizszej
temperaturze). W zalezno$ci od mechanizmu reakcji katalizator powinien posiadac
odpowiednie centra aktywne na powierzchni: zasadowe, kwasowe czy redoks.
Czesto reakcje prowadzgce do otrzymania warto$ciowych chemikaliéw sa
wieloetapowe i wymagaja kontaktéw posiadajacych rézne rodzaje centrow
aktywnych. Z tego wzgledu, kompozycja i sktad takiego katalizatora jest kluczowa

dla przebiegu catego procesu.

Celem badan zaprezentowanych w niniejszej rozprawie doktorskiej byto
zaprojektowanie ztozonego, wielosktadnikowego katalizatora cerowego na osnowie
krzemionkowych mezoporowatych pianek, ktéry bytby aktywny w Kkatalitycznych
procesach otrzymywania wartosciowych chemikaliéw. Poza cerem wprowadzono
do fazy aktywnej: niob, wapn, pallad, miedZ i ruten. Katalizatory badano w
procesach: transestryfikacji butanolanu etylu z metanolem, redukcyjnej kondensacji

acetonu oraz uwodornienia kwasu lewulinowego.

Mezoporowata krzemionka, tj. mezostrukturalne pianki komérkowe (MCF),
zostata zmodyfikowana metalami o réznych kompozycjach i w efekcie otrzymano
cztery serie Kkatalizatorow o sktadzie: i) Ca i Nb i Ce w réznych stosunkach
wagowych (praca I), ii) Ce i Pd lub Ca i Nb i Pd (praca II), iii) Ce i Culub Ca i Nb i Cu
(praca III), iv) rézne ilosci Ce i stata ilos¢ Ru (praca IV). Modyfikacja nosnika

metalami odbywata sie z wykorzystaniem metody impregnacji zwilzeniowe;j.

Porowata struktura MCF zostata udokumentowana przy uzyciu skaningowej
mikroskopii elektronowej i niskotemperaturowej adsorpcji/desorpcji azotu. Stopien
utlenienia metali zanalizowano technikami XPS i XRD. Wtasciwosci kwasowo-
zasadowe zmierzono za pomoca CO2-TPD, spektroskopii FTIR potaczonej z
adsorpcja pirydyny jako czasteczki sondy. Pomiar H;-TPR dat wglad w

oddziatywanie miedzy metalami. Aktywnos¢ katalityczna otrzymanych materiatéw
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zostata skorelowana z wtasciwos$ciami fizykochemicznymi. Promujacy efekt ceru

zostal udokumentowany dla kazdej serii katalizatoréw.

W  publikacji I, MCF modyfikowano wapniem poprzez impregnacje
zwilzeniowg, ktéry wystepowat na powierzchni materiatu gtéwnie w formie CaO.
Dodatek niewielkich ilosci Ce i Nb wptynatl na aktywnos$¢ katalityczng w procesie
transestryfikacji butanolanu etylu z metanolem. Pos$réd réznych stosunkéw
wagowych tych metali (1:3, 2:2, 3:1), zawarto$ci inne niz ekwiwalentne sprzyjaty
otrzymywaniu produktu, tj. butanolanu metylu. Wywnioskowano, Ze utworzenie
mieszanej fazy miedzy niobem i cerem jako efekt oddzialywania miedzy tymi

metalami byto przyczyna nizszej aktywnoSci.

W publikacja Il zbadano wptyw ceru na aktywno$¢ katalityczng katalizatorow
palladowych w reakcji redukcyjnej kondensacji acetonu. MCF modyfikowany Ce
poréwnywano z Ca-Nb-MCF i dwoma innymi materiatami referencyjnymi opisanymi
w literaturze. Udokumentowano, ze Ce-MCF byt najbardziej stabilnym no$nikiem dla
nanoczastek Pd. Tlenek ceru promowat redukcje Pd i petit role skutecznego zrodta

zasadowoSci niezbednej do etapu kondensacji acetonu.

Badania przedstawione w pracy III byty kontynuacja pracy Il i dotyczyty efektu
zastapienia palladu miedzig. Udowodniono, ze cer silnie oddziatuje z miedzig,
prowadzac do pozadanych wtasciwosci katalitycznych. Zidentyfikowano centra
aktywne dla kazdego etapu reakcji redukcyjnej kondensacji acetonu: tlenek ceru
katalizowal etap kondensacji, Cu?* odpowiadat za odwodnienie, a etap

uwodornienia zachodzit przy udziale metalicznej miedzi.

W pracy IV badano wptyw ceru na dyspersje rutenu na powierzchni materiatu
MCEF. Przedstawiono korelacje miedzy iloScia wprowadzonego ceru a wielkos$cia
czastek Ru. Wykazano, iz im wiecej Ce tym wieksza dyspersja Ru. Niemniej jednak
wydajno$¢ katalityczna materiatOow otrzymanych w niskotemperaturowym
uwodornianiu kwasu lewulinowego do y-walerolaktonu byta rowniez silnie zalezna
od parametrow teksturalnych. Na podstawie tych dwoch parametrow wyznaczono

optymalng zawartos¢ Ce.

10
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3. Streszczenie w jezyku angielskim

Many common industrial processes are based on the use of homogeneous
catalysts. Whenever possible, the replacement of the homogeneous catalysts with
heterogeneous ones (e.g. solid materials) opens up the possibility of the catalyst
reuse and carrying out the reaction under mild conditions. Depending on the
reaction mechanism, the catalysts must have basic, acidic or redox sites on the
surface. Very often the relevant chemical transformation is a multistep process
which requires a mixture of different active sites. Therefore, the composition of

heterogeneous catalyst plays a crucial role in its catalytic performance.

The aim of the research presented in this dissertation was to design multi-
component cerium-modified heterogeneous catalysts based on mesocellular foams,
active in the catalytic production of valuable chemicals. Besides cerium, the
following active components of the catalysts were studied: niobium, calcium,
palladium, copper and ruthenium. The investigated processes were:
transesterification of ethyl butyrate with methanol, reductive condensation of

acetone and hydrogenation of levulinic acid.

Mesostructured silica, i.e. mesocellular foams (MCF) were modified with
metals and four series of catalysts with different additional components were
prepared: i) Ca and Nb and Ce at different ratios (paper I), ii) Ce and Pd or Ca and Nb
and Pd (paper II), iii) Ce and Cu or Ca and Nb and Cu (paper III), iv) various amounts
of Ce and Ru (paper IV). The supports were modified with metals via impregnation

method.

Porous structure of MCF was documented with the use of scanning electron
microscopy and low temperature nitrogen adsorption/desorption. XPS and XRD
were used to analyze the oxidation state of metals. Acidic-basic properties were
measured by CO2-TPD, FTIR spectroscopy combined with pyridine adsorption as
probe molecule and test reactions. H2-TPR measurements provided the information
on the interaction between metals. Finally, the catalytic activities of the materials
obtained were tested and the results were correlated with those coming from
physicochemical characterization. The promoting effect of cerium has been well

documented for each series of catalysts.

11
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In paper I, MCF was impregnated with Ca present mainly in the form of CaO.
Addition of small quantities of Ce and Nb was found to affect the catalytic activity in
transesterification of ethyl butyrate with methanol and amongst various weight
ratios of these metals (1:3, 2:2, 3:1) the non-equivalent loadings favored the
production of methyl butyrate. The formation of mixed phase between Nb and Ce as

a result of the metals interaction was postulated to be the reason for lower activity.

Paper II gave an insight into the impact of cerium on the catalytic activity of
palladium containing catalysts in reductive condensation of acetone. Ce-modified
MCF was compared with Ca-Nb-MCF and two other reference materials described in
literature reports. It was documented that Ce-MCF was the most stable support for
Pd nanoparticles. Ceria promoted reduction of Pd and was recognized as an effective

source of basicity necessary for the condensation step.

The study presented in Paper Il was a continuation of that reported in paper II
and it focused on the effect of palladium replacement with copper. Cerium was
proven to strongly interact with copper, leading to outstanding -catalytic
performance. The active sites for each reaction step of reductive condensation of
acetone were identified: cerium oxide catalyzed the condensation step, Cu?* was
responsible for dehydration and finally, metallic copper provided hydrogenation

sites.

The effect of cerium on ruthenium dispersion in MCF was studied in paper IV.
The correlation between loading of cerium and Ru particle size was clearly
presented. The higher the loading of Ce, the better the Ru dispersion. Nevertheless,
the catalytic performance of the materials obtained in the low temperature
hydrogenation of levulinic acid to y-valerolactone was also strongly dependent on
the textural parameters. Basing on these two parameters the optimal value of Ce

loading was determined.

12
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4. Spis skrotow stosowanych w pracy

DIPE eter diizopropylowy

DMF 2,5-dimetylofuran

FTIR spektroskopia w podczerwieni z transformacjg Fouriera
GC chromatografia gazowa

GC-MS chromatografia gazowa potaczona z spektrometrig mas

GVL y-walerolakton

ICP-OES atomowa spektrometria emisyjna ze wzbudzeniem w plazmie
indukowanej

IPA 2-propanol

IUPAC Miedzynarodowa Unia Chemii Czystej i Stosowanej, z ang.
International Union of Pure and Applied Chemistry

LA kwas lewulinowy
LAS centrum kwasowe Lewisa
MAP mezoporowaty fosforan glinu

MAPN mezoporowaty tlenoazotek fosforanu glinu, z ang. mesoporous
aluminophosphate oxynitride

MCF mezostrukturalne pianki komérkowe

MCP 3-metylo-2-cyklopentenon

MIBK keton metylowo-izubotylowy

SEM skaningowa mikroskopia elektronowa
TEM transmisyjna mikroskopia elektronowa
TPD Temperaturowo programowana desorpcja
TPR Temperaturowo programowana redukcja

UV-Vis  spektrofotometria w zakresie nadfioletu i Swiatta widzialnego

XPS spektroskopia fotoelektrondw w zakresie promieniowania X
XRD dyfrakcja promieniowania rentgenowskiego
XRF spektrometria rentgenofluorescencyjna
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5. Wstep

Zdecydowana wiekszo$¢ dzisiejszych proceséw przemystowych opiera sie na
katalizie. Ze wzgledu na wysoka wydajnos¢, a w wielu przypadkach niewielki koszt
wybér katalizatora homogenicznego jest faworyzowany. Stwarza to jednak pewne
niedogodnosci, poniewaz uzycie na przykiad ciektych stezonych kwaséw czy zasad
prowadzi do konieczno$ci neutralizacji medium poreakcyjnego, uzycia nowej porcji
katalizatora przy kazdym cyklu jak réwniez naraza instalacje i sam reaktor na
korozje. Zastosowanie procesu heterogenicznego z definicji eliminuje powyzsze
ograniczenia, jednak otrzymanie stabilnego statego kontaktu, mimo rozlegtych
badan w tej tematyce, nadal stanowi wyzwanie. Zaprojektowanie wydajnego
katalizatora zalezy od wielu czynnikéw. Sposrod licznych zmiennych wybér nos$nika,

fazy aktywnej czy sposobu wprowadzania fazy aktywnej nalezy uzna¢ za kluczowe.
5.1. Cer w katalizie

Ze wzgledu na swoje interesujgce wtasciwosci elektronowe i niskg cene w
stosunku do metali szlachetnych szczegdlng uwage w ostatnich latach w zakresie
potencjalnego zastosowania w katalizie heterogenicznej wzbudzit cer. Cer jest
metalem przejSciowym z grupy lantanowcéw. Jego potozenie w uktadzie okresowym
wskazuje, Ze moze osiggac III i IV stopien utlenienia, a w formie tlenkowej bedzie
wystepowatl jako CeO; i Cez03. Czesto otrzymywany tlenek ceru stanowi mieszanine
dwéch faz Ce(III) i Ce(IV). Tlenek ceru(IV) otrzymuje sie poprzez kalcynacje, tj.
wygrzewanie w obecnosci tlenu jego soli, np. szczawianu, czy wodorotlenku [1].
CeO2 charakteryzuje sie strukturg fluorytu, w ktérym kazdy kation Ce**
skoordynowany jest przez 8 anionéw tlenu 0%, z ktoérych kazdy skoordynowany jest
z 4 kationami Ce** [2]. Stechiometryczny CeO2 ma barwe bladozétta, natomiast jego
niestochiometryczna forma z udzialem zredukowanego Ce3* przybiera kolor
niebieski, fioletowy, a w skrajnych przypadkach nawet czarny [3]. Struktura fluorytu
charakteryzuje sie wystepowaniem wakancji tlenowych szczegoélnie cennych w
procesach katalitycznych, ktére powstajg przez redukcje Ce** do Ce3+, a tlenek
przyjmuje wzor sumaryczny CeOz.s. Wakancje tlenowe powoduja, Ze tadunek
elektronowy lokalnie ulega zmianie, stwarzajac mozliwo$¢ utleniania i redukcji

adsorbowanej na powierzchni molekuty. Ta wtasciwo$¢ okreslana jest jako
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pojemno$¢ tlenowa (z ang. oxygen storage capacity) [3,4]. Dodatkowo tlenek ceru
jest bardzo stabilny i zaczyna ulega¢ redukcji w atmosferze wodoru dopiero powyzej
500 °C [5,6]. Wtasciwosci redoks tlenku ceru sprawity, ze znalazt on zastosowanie
jako katalizator w wielu waznych przemystowo reakcjach takich jak reforming

weglowodoréw, konwersja CO czy neutralizacja toksycznych gazéw [4].

W Kkatalizie tlenek ceru moze stuzy¢ jako nos$nik, modyfikator powierzchni w
formie nanoczastek czy tez wchodzi¢ w oddziatywanie z innym sktadnikiem

katalizatora wspoéttworzac mieszane uktady tlenkowe.

Ce02 otrzymywany jest zréznicowanymi metodami: metodg hydrotermalna,
solwotermalng, przy uzyciu surfaktantu lub templatu, poprzez stracanie, termiczny

rozktad, synteze sol-zel lub synteze sonochemiczng czy elektrochemiczng [3].

Tlenek ceru moze zosta¢ otrzymany w formie 1-wymiarowej (1D), przyjmujac
strukture nanoprecikow, nanorurek i nanopateczek (nanowires, nanorods,
nanotubes), uzyskujac tym samym zréznicowane wtasciwosci fizyczne i chemiczne.
Dzieki tej cesze substancja ta uzyskata zastosowanie jako materiat produkcyjny dla
nanourzadzen. Struktury nanosze$cianéw (nanocubes), nanowielo$cianow
(nanopolyhedra), nanoptytek (nanodisks), nanowartsw (nanosheets) stanowia
przyktad struktur o wymiarze 2D i 3D [3]. Zoptymalizowana preparatyka umozliwia
kontrolowang ekspozycje konkretnej ptaszczyzny krystalicznej [7]. Adsorpcja
substratu zalezy od dostepnej ptaszczyzny krystalicznej tlenku ceru, co w
konsekwencji determinuje aktywnosc¢ jak i selektywno$¢ w przeprowadzanej reakcji
[8-11]. Na przyktad udowodniono, ze ptaszczyzny (001) i (110) dominujgce w
nanoprecikach tlenku ceru sprzyjaty generowaniu wakancji tlenowych w wiekszym
stopniu niz ptaszczyzny (111) obecne w nanoczastkach tlenku. Te wtasciwos¢
skorelowano z wyzsza aktywnos$cig tlenku ceru o morfologii nanoprecikéw w reakc;ji

utleniania CO w zwiazku z etapem abstrakcji tlenu z powierzchni -Ce!V-0O- [8].

Dla materialéw pelnigcych role nosnika niezwykle waznym parametrem jest
powierzchnia wtasciwa. Tlenek ceru moze przyjmowac porowata strukture, jednak
czestym, towarzyszacym temu ograniczeniem jest niska stabilno$¢ termiczna.

Rozwo6j metody syntezy hydrotermalnej doprowadzit do otrzymania stabilnych
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mezoporowatych mikrosfer CeO2 z powierzchnig wlasciwg ok. 100 m2gl, ktére

znalazly zastosowanie jako ogniwa paliwowe [12].

5.1.1. Dotowanie CeOz innymi metalami
Wiasciwosci tlenku ceru o strukturze typu fluorytu moga by¢ modyfikowane
poprzez dotowanie innym metalem o nizszej warto$ciowoSci niz Ce** tworzac tzw.
state uktady mieszane (z ang. solid solutions). Najpowszechniejszym takim uktadem
jest Ce02-Zr0O2. W przeciwienstwie do Ce#*, Zr*+ nie ulega redukcji i nie moze by¢
akceptorem elektronéw w ramach tworzenia wakancji tlenowych. Rozmiar Zr#* jest
zbliZzony i nieznacznie mniejszy od Ce**. W przypadku dotowania CeO; przez Zr#*

energia tworzenia wakancji tlenowych ulega zmniejszeniu [13].

Kiedy wprowadzany metal ma warto$ciowo$¢ III, brakujgcy tadunek dodatni
kompensowany jest przez utworzenie wakancji tlenowej przypadajacej na 2 kationy
wprowadzanego metalu. Taki uktad zyskuje wysoka przewodno$¢ jonowa niezwykle
cenng dla ogniw paliwowych. Dotowanie metalami o warto$ciowosci II jest
ograniczone i mimo, Ze prowadzi do otrzymania jeszcze wiekszej koncentracji
wakancji tlenowych w przeliczeniu na kation wprowadzanego metalu, to w
perspektywie catej objetoSci probki nie s3 efektywniejsze. Nawet mimo braku
modyfikatora tlenek ceru jest w stanie wygenerowac powyzej opisane wiasciwosci
w ramach wtasnej struktury i czesciowej redukcji Ce** do Ce3*, tworzac bufor
tlenowy opisany powyzej jako pojemnos$¢ tlenowa. Szczegbélne zastosowanie tej
wilasciwosci zostato wykorzystane w utylizacji toksycznych gazéw spalinowych,
gdzie CeO2.5 dostarcza tlenu dla utlenienia wegla, a w odwrotnym procesie redukuje

tlenki azotu NOx [2].

Tlenek ceru moze by¢ réwniez naniesiony na powierzchnie innego nosnika w
formie nanoczastek i wykazywac¢ powyzej opisane wtasciwosci. Dla CeOz na
mezoporowatych powierzchniach w wyniku modyfikacji innym metalem, obok Ce#* i
Ce3* obserwowano pojawienie sie korespondujacych par elektronowych, np.

Co2+/Co3* [14], Ag0/Ag* [15], Cu*/Cu?* [16].

5.1.2. Wlasciwosci zasadowe
Tlenek ceru wykazuje wtasciwosci zasadowe. Martin i Duprez poréwnali

zasadowos$¢ tlenkéw CeOz, MgO, ZrOz, Al203,SiO2, przez chemisorpcje COz w
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temperaturze pokojowej, otrzymujac najwyzsza warto$¢ dla CeO; [17]. W innej
pracy powigzano zasadowo$¢ CeOz z wakancjami tlenowymi, gdzie dla tlenku ceru
domieszkowanego Cu lub La, promujacymi generowanie wakancji tlenowych,
obserwowano wzrost zasadowos$ci [18]. Dla probki Mg-CeO: zarejestrowano
najnizsza adsorpcje CO2, co powigzano z najnizszym stezeniem wakancji dla tego
materiatu, nizszym réwniez dla niemodyfikowanego CeO;. Magnez zostat osadzony
na powierzchni CeO2 a nie wigczony do struktury jak w przypadku modyfikacji z
udziatem Cu czy La i nie przyczynit sie do generowania wakancji tlenowych.
Zasadowos$¢ Ce0Q2 zostata wykorzystana w wielu reakcjach przemiany zwigzkéw
organicznych: kondensacji Knoevenagel’a, dehydratacji i dehydrogenacji alkoholi,
hydrogenacji zwigzkoéw aromatycznych, kondensacji aldolowej czy transestryfikacji

[19].

5.1.3. Uklady Ce-Cu

Szczegolnie interesujgce witasciwosci katalityczne otrzymuje sie w wyniku
potaczenia ceru z miedzig. Wiasnosci redoks tlenku ceru w oddziatywaniu z miedzia
szczegblnie w uktadach CuO-CeO skutkuja wygenerowaniem par Ce** i Ce3* oraz
Cu2* i Cu* [20]. Otrzymanie zredukowanej fazy Cu* SciSle powigzane jest z
wakancjami tlenowymi powstajacymi w strukturze tlenku ceru. Postulowano, ze Cu*
przyczynia sie do wzrostu konwersji jak i selektywnosci w reakcji redukcji NO z CO
[21] czy redukcji CO [22]. Taka zalezno$¢ obserwowana byta réwniez dla reakcji
utlenienia CO, gdzie autorzy zaproponowali Cu* jako centrum adsorpcji CO i
posredniego promotora aktywnos$ci CuO-CeO; [23]. Zwiekszong dyspersje CuO na
CeO2 udokumentowano w szeregu prac [20,22,24-28]. Niektorzy autorzy
obserwowali wigczenie Cu?+ do struktury CeO: [22,26,29]. Substytucja Ce** - o
promieniu jonowym 0.103 nm - mniejszym Cu2* - o promieniu 0.072 nm - prowadzi
do skurczenia komorki elementarnej CeOz. Podstawienie Cu2?* w miejsce Ce#*
prowadzi do utworzenia cennych katalitycznie wakancji tlenowych w ich bliskim
sgsiedztwie i wygenerowania Ce3*, w wyniku czego stechiometria tlenku ceru
przyjmuje posta¢ CeOz.s. Im wiecej miedzi wtaczonej jest do struktury tlenku tym

mniejsza powierzchnia wtasciwa [26].
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5.1.4. Uklady Ce-Nb

Wiasciwosci katalityczne ceru w potaczeniu z niobem zostaly przedstawione w
[30]. CeO2/Nb20s5 zostat otrzymany metoda wspédistragceniowg przy zastosowaniu
réznych ilosci prekursoréw metali. Mimo, Ze nie zidentyfikowano utworzenia fazy
mieszanego tlenku, to udokumentowano oddzialywanie miedzy metalami. Tlenek
ceru promowat dyspersje tlenku niobu, a wzrost zawartos$ci niobu przyczyniat sie do
ekspozycji tlenku niobu na powierzchni i tym samym do wiekszej liczby centréow
kwasowych. Zwiekszona kwasowo$¢ wptywata korzystnie na konwersje w reakcji

odwodnienia fruktozy.

W innej pracy [31] réwniez otrzymywano tlenki niobowo-cerowe. Autorzy
odnotowali wzrost powierzchni wtasciwej w stosunku do monometalicznych
odpowiednikow. Ponadto w przypadku réwnowaznej molowo prébki Ce/Nb
obserwowano utworzenie fazy NbOs. Dodatkowo mieszane tlenki cechowaty sie

wiekszymi wtasciwo$ciami kwasowymi.

Podobny wniosek wysnuto w publikacji [32], gdzie badano wtasciwosci
kwasowo-zasadowe krzemionki MCF modyfikowanej cerem i niobem.
Udokumentowano oddzialywanie miedzy metalami. Przy impregnacji no$nika
najpierw niobem, a w pdzniejszej kolejnosci cerem, postulowano wygenerowanie
kwasowosci przez ekspozycje niobu 4-skoordynowanego jako skutek dziatania
tlenku ceru. W przypadku réwnoczesnego naniesienie metali obserwowano
oddziatywanie miedzy tlenkami Nb i Ce skutkujace wiekszym stezeniem defektéw w

strukturze CeO2 i obnizeniem kwasowos$ci form niobowych.
5.2. Nosniki dla nanoczastek metali

Przy doborze nos$nika dla katalizatora heterogenicznego szczeg6lnie wskazany
jest wybdr porowatej matrycy o rozwinietej powierzchni witasciwej. Takie
wymaganie spelniajg porowate krzemionki (MCM-41, SBA-15, KIT-6, MCF), zeolity,
czy struktury metaloorganiczne (tzw. MOFs, z ang. metal-organic framework).
Uporzadkowana porowata struktura o duzej powierzchni wtasciwej zapewnia
utatwiony transport reagentéw do centréw aktywnych jak i stabilno$¢ termiczng i
mechaniczng. W przypadku materiatéw porowatych szczegélnie korzystna jest

struktura tréjwymiarowa, ktéra dodatkowo zwieksza dyfuzje substratéw jak i
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uwalnianych produktéw [33,34]. Poréwnano dwuwymiarowy materiat SBA-15 z
tréjwymiarowym KIT-6 i stwierdzono, Ze system potaczen poréw w strukturze KIT-
6 doprowadzit do zwiekszonego przeptywu masy, prowadzac do wzrostu konwersji
duzych molekul kwaséw ttuszczowych w reakcji estryfikacji z metanolem [35].
Przyktadem krzemionki 3D s3 mezoporowate pianki MCF (z ang. mesocellular silica
foams), ktére w 1999 roku zostaty otrzymane w grupie Stucky’ego [36] w ramach
zmodyfikowanej syntezy materiatu SBA-15 (mezoporowata krzemionka o
heksagonalnej uporzadkowanej strukturze 2D). Prosty uktad sferycznych komoér o
Srednicy ok. 20-40 nm, potgczonych ze sobg duzymi oknami w wymiarze ok. 10 nm,
ulatwia transport masy wewnatrz katalizatora. Dzieki duzej objetosci poréw MCF
moze by¢ modyfikowany znaczacymi ilo$ciami prekursoréw metali bez obawy o
zablokowanie poréw [37]. Dodatkowo stabilno$¢ termiczna krzemionki pozwala na
kalcynacje w wysokich temperaturach, prowadzac do otrzymania pozadanych form

tlenkowych wprowadzanych na powierzchnie metali.
5.3. Pozyskiwanie cennych chemikaliow na drodze katalizy

5.3.1. Transestryfikacja

Zwiekszone zapotrzebowania na paliwa w ostatnich dekadach spowodowato
poszukiwanie zastepczych Zrédetl energii w stosunku do tej pozyskiwanej z ropy
naftowej. Potencjalnym substytutem dla oleju napedowego (tj. diesela)
otrzymywanego z nafty jest biodiesel, tj. mieszanina estré6w monoalkalicznych z
dtugim tancuchem kwasu tluszczowego. Biodiesel moze by¢ otrzymywany z
jadalnych i niejadalnych olejow roslinnych (triglicerydy) jak réwniez ich odpadow
[38,39]. Wspomniane triglicerydy to estry glicerolu i trzech kwaséw ttuszczowych,
ktére w wyniku transestryfikacji z prostym alkoholem, takim jak np. metanol, mozna
przetworzy¢ na liniowe estry znajdujgce zastosowanie jako olej napedowy. Reakcja
transestryfikacji zachodzi zazwyczaj przy udziale stezonej zasady. Produktem
ubocznym s3 wolne kwasy ttuszczowe, ktére w towarzystwie zasady prowadza do
niepozadanej reakcji zmydlania [40,41]. Zastosowanie katalizatora
heterogenicznego wyklucza ten problem. Przy uzyciu prostych reprezentatywnych
molekul mozliwe jest testowanie aktywnoSci przygotowanych katalizatorow w
modelowych reakcjach transestryfikacji. W zwigzku z powszechnym uzyciem w

przemys$le zasad homogenicznych takich jak NaOH czy KOH w ramach
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heterogenicznego substytutu wykorzystuje sie analogiczne tlenki w stanie statym, t;j.
Na20, CaO, MgO [40]. Uktady te jednak nie sa stabilne i maja tendencje do
przechodzenia do fazy ciektej reakcji, ponownie prowadzac do reakcji zmydlania. By
zapobiec wymywaniu, alkaliczne tlenki dotuje sie tlenkami metali przejSciowych
(np. NiO, Nd203 czy ZnO0), co skutkuje zwiekszeniem stabilnos$ci katalizatora, ktéry z
powodzeniem moze by¢ uzyty w kolejnym cyklu [42,43]. Uktad Ca0-CeO; zostat
wykorzystany w reakcji transestryfikacji oleju palmowego z metanolem i wykazano,
ze dodatek CeO; wplynat na zwiekszenie aktywnosci katalitycznej jak i zapobiegt
wymywaniu fazy aktywnej [42]. Ten sam efekt zaobserwowano dla uktadu
mieszanego tlenku ze strontem CeO2-SrO [43], gdzie dodatkowo obserwowano
pozytywny efekt domieszkowania cerem na powierzchnie wtasciwa. Zwiekszona
aktywno$¢ w reakgji transestryfikacji weglanu etylenu z metanolem wyttumaczono

zasadowym i utleniajgco-redukcyjnym charakterem tlenku ceru.

Proces transestryfikacji z udziatem centréw kwasowych testowano przy
uzyciu mezoporowatowego katalizatora niobowego NbMCM-41 [11]. W reakgji
metanolizy, w temperaturze 200 °C, otrzymano biodiesel z wydajnoscig 95 %. Co
wiecej, katalizator zachowatl aktywno$¢ przez 5 cykli reakcji. W innej pracy [44]
naniesiono na mezoporowatg krzemionke typu MCF wapn i niob. Impregnacja
niewielkiej ilo$ci niobu z nastepujaca impregnacja wapnia skutkowata wzrostem
aktywnos$ci w stosunku do prébki, gdzie niob wprowadzony byt w trakcie syntezy

MCF. Katalizator jednak nie byt aktywny w kolejnych cyklach reakcji.

5.3.2. Redukcyjna kondensacja acetonu

Keton metylowo-izubotylowy (MIBK) stanowi powszechnie stosowany
rozpuszczalnik w produkgji lakieréw, zywic i farb. W przemysle pozyskiwany jest z

acetonu w trzech etapach, ktore przedstawiono na Schemacie 1.
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Aceton Alkohol diacetonowy Tlenek mezytylu Keton metylowo-izobutylowy

Schemat 1. Otrzymywanie MIBK z acetonu.

W pierwszym etapie dwie molekuty acetonu ulegaja kondensacji aldolowej w

srodowisku zasadowym lub kwasowym. W drugim etapie zachodzi odwodnienie
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powstatego alkoholu diacetonowego do tlenku mezytylu na centrach kwasowych, a
w ostatnim etapie dochodzi do uwodornienia podwojnego wigzania miedzy
atomami wegla, wymagajacego obecnos$ci centrum redoks. Zastosowanie
katalizatora statego zawierajgcego powyzsze centra w atmosferze wodoru
umozliwia otrzymanie MIBK jednoetapowo. W literaturze znalez¢ mozna
zastosowanie szerokiej gamy no$nikéw dla wspomnianej reakcji takich jak: MgO
[45], CaO [46], CeO2 [47], Nb20s5/SiO2 [48], zeolit HZSM-5 [49,50], mieszane tlenki
Mg-Al. [51], hydroksyapatyt i jego pochodne [52,53], wegiel aktywny [54] czy
fosforan glinu [55,56]. Ze wzgledu na etap kondensacji i odwodnienia w procesie
wytypowany Kkatalizator powinien posiada¢ wiasciwosci kwasowo-zasadowe.
Zazwyczaj faza metaliczna naniesiona na powierzchnie nos$nika dostarcza centrow
aktywnych dla ostatniego etapu uwodornienia, a powszechnym literaturowo
wyborem jest metaliczny pallad jako wysoce skuteczny reduktor [48-61].
Dowiedziono, Ze tlenek ceru wykorzystany jako nos$nik dla nanoczastek niklu
promowat tworzenie centréw aktywnych dla uwodornienia [47]. Z kolei w ramach
badan serii nosnikéw dla palladu o réznym kwasowo-zasadowym charakterze
(Nb20s5-Si02, SiO2, Alz03, Ca0-Al;03, hydrotalcyt) wytypowano kwasowy nos$nik -
Nb,0s5-Si02 - jako najaktywniejszy w reakcji otrzymywania MIBK z acetonu [48].
Doniesienia literaturowe nie wnoszg jednak wiele jezeli chodzi o zastosowanie
innych metali niz pallad lub metale szlachetne czy probe zbadania wptywu wysoce
porowatego nos$nika z duza powierzchnig wtasciwa. Waters [57] poréwnat wptyw
wprowadzonego metalu (Pt, Pd, Ni, Cu) na powierzchnie wegla aktywnego. Mimo, ze
najwiekszg aktywnos$¢ wykazywaty Pd i Pt, to jednak zastosowanie niklu w wiekszej
ilo$ci pozwolito na otrzymanie poréwnywalnych konwersji do tych uzyskanych przy
uzyciu mniejszych iloSci metalu szlachetnego. Katalizator miedziowy okazat sie
najmniej wydajny, prowadzac do uzyskania najwiekszej ilosci koksu. Ponadto,
metaliczna forma miedzi niezbedna do przeprowadzenia reakcji uwodornienia jest
wysoce wrazliwa na utlenienie. Wtasciwosci katalityczne i stabilno$¢ miedzi moga
by¢ kontrolowane przez domieszkowanie innym metalem. Szczegdlnie interesujace
potaczenie stanowi miedzZ z cerem, ktére zostato udokumentowane w wielu pracach.
W wyniku interakcji elektronowej tlenek ceru promuje zwiekszona dyspersje

miedzi, utatwia jej redukcje oraz zapobiega jej wymywaniu [21,28,62,63].
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5.3.3. Uwodornienie kwasu lewulinowego do y-walerolaktonu

Celuloza jako powszechny, odtwarzalny surowiec stanowi cenne Zrodto energii
i chemikaliéw z biomasy jako alternatywa dla ropy naftowej. Kwas lewulinowy (LA)
powstaje jako jeden z produktéw w tancuchu przerdbki celulozy. Reaktywnos¢
kwasu lewulinowego wynikajaca z jego budowy czyni z niego atrakcyjng wyj$ciowa
molekute do otrzymywania sktadowych paliw czy cennych chemikaliéw. W procesie
uwodornienia LA lub jego estrowych pochodnych otrzymuje sie y-walerolakton
(GVL), ktory znajduje szerokie zastosowanie jako dodatek do paliw czy do Zywnosci,
rozpuszczalnik, a takze prekursor do otrzymywania innych rozpuszczalnikéw [64].
Produkcja GVL z LA moze zachodzi¢ dwiema $ciezkami: poprzez uwodornienie i

wewnatrzczasteczkowg estryfikacje lub odwodnienie i uwodornienie (Schemat 2)

[65].

/

/ y-walerolakton
Kwas lewulinowy \&O

Schemat 2. Otrzymywanie y-walerolaktonu z kwasu lewulinowego

W obu przypadkach obecno$¢ reduktora jest niezbedna. Posréd obszernych
badan zar6wno w zakresie katalizy heterogenicznej jak i homogenicznej najchetniej
wybieranym metalem redukujagcym jest ruten. Ru/C o zawarto$ci 5% wag. Ru jest
rozpoznany w literaturze jako wysoce efektywny i selektywny Kkatalizator
heterogeniczny w tym procesie. W pracy [66] przy uzyciu tego katalizatora
otrzymano GVL ze 100 % selektywnoscig przy 92 % konwersji LA w 130 °C. Inni
autorzy [67] zastosowali tagodniejsze warunki i dla tego samego katalizatora
otrzymali konwersje na poziomie ok. 50 % przy podobnym czasie reakcji. Natomiast
dodatek kwasowego kokatalizatora spowodowat wzrost przereagowania do 100 %.
Wprowadzenie do katalizatora fazy o innych wtasciwo$ciach moze mie¢ promujacy
efekt na przebieg reakcji. Dutta i inni [68] analizowali prace skupiajgce sie na uzyciu
katalizator6w nie zawierajacych metalu szlachetnego w reakcji otrzymywania GVL z

LA. Przedstawione no$niki objety szeroka game tlenkéw od kwasowych: Al>03, TiOz,
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Zr0O3, po zasadowe: ZnO, Mg0O. Dowiedziono, Ze obok metalicznego centrum redoks,
zarowno kwasowos¢ jak i zasadowo$¢ moze przyczyniac sie do powstawania GVL. W
jednej z prac [69] postulowano, Ze zasadowy MgO promuje aktywacje wigzania
karbonylowego. Z kolei grupa Fan [11] zastosowata CeO2 o réznych morfologiach i
krystalograficznych ptaszczyznach jako nos$nik dla nanoczgstek Ru w reakcji
uwodornienia lewulinianu etylu do GVL. Konwersje w atmosferze wodoru
obserwowano juz w temperaturze 40 °C oraz wyznaczono proporcjonalng zalezno$¢

pomiedzy liczbg wakancji tlenowych a szybkos$cig powstawania GVL.
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6. Cel pracy

Celem niniejszej pracy bylo zbadanie wptywu ceru na wtasciwosci
powierzchniowe i aktywno$¢ katalizatorow na osnowie mezoporowatej krzemionki
typu MCF w reakcjach otrzymywania cennych chemikaliéw. Przy planowaniu sktadu
chemicznego czterech serii katalizatoréw zatozono, Ze dodatek ceru bedzie
dostarczal zasadowych centrow aktywnych, wplywat na dyspersje metaluy,
promowal zwiekszong aktywnos$¢ Kkatalityczng oraz stabilizowal metal na
powierzchni katalizatora. Faze aktywng metali nanoszono na porowaty nos$nik o
duzej powierzchni witasciwej majac na celu dodatkowo zwiekszenie dyspersji
sktadnik6w aktywnych oraz utatwienie dyfuzji reagentow. Wtasciwosci katalityczne
otrzymanych materiatbw badano w reakcjach: transestryfikacji jako modelowej
reakcji otrzymywania biodiesela, kondensacji i uwodornienia acetonu do ketonu
izobutylo-metylowego oraz uwodornienia kwasu lewulinowego do y-walerolaktonu.

Postawione hipotezy badawcze zweryfikowano w niniejszej pracy.
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7. Czesc eksperymentalna

7.1. Synteza katalizatorow

W ramach pracy wykorzystano mezoporowatg krzemionke typu MCF jako
nos$nik dla metali: Ca, Ce, Nb, Pd, Cu, Ru. Do syntezy MCF wykorzystano templat, tj.
kopolimer Pluronic P123, 1,3,5-trimetylbenzen, tetrafluorek amonu, H20, HCI.
Ortokrzemian tetraetylu (TEOS) postuzyt jako Zrédio krzemu. MCF kalcynowano w
temperaturze 500 °C w celu usuniecia templatu. Szczegétowy opis preparatyki

znajduje sie w pracy II.
W ramach pracy otrzymano cztery serie katalizatorow:
A. Ca/2Ce2Nb/MCF, Ca/1Ce3Nb/MCF, Ca/3Ce1Nb/MCF

W  pierwszej kolejnosci impregnowano MCF metanolowym roztworem
prekursoréw niobu (etanolan niobu) i ceru (szeSciowodny azotan(V) ceru(Ill)) w
stosunkach wagowych metali 1:3, 2:2, 3:1 %. Materialy kalcynowano w
temperaturze 500 °C. W drugim etapie przeprowadzono impregnacje 20 % wag.
wapnia przy uzyciu wodnego roztworu jednowodnego octanu wapnia. W ostatnim

kroku katalizatory poddano kalcynacji w temperaturze 700 °C.
B. Ca-Nb-MCF, Pd/Ca-Nb-MCF, Ce-MCF, Pd/Ce-MCF

Nos$nik MCF impregnowano analogicznie wapniem (20 % wag.) i niobem (2 %
wag., wodny roztwor amonowego kompleksu szczawianu niobu) i kalcynowano jak
w przypadku serii A. Nastepnie materiaty impregnowano wodnym roztworem
dwuwodnego azotanu(V) palladu(Il) w celu uzyskania 3 % wag. palladu. Ostatecznie

prébki kalcynowano w temperaturze 550 °C.

Materiaty referencyjne dla serii: Pd/HAP (hydroksyapatyt), Pd/MAPN (z ang.
mesoporous aluminophosphate oxynitride, mezoporowaty tlenoazotek fosforanu
glinu). HAP zsyntezowano metodg stragceniowa, stosujgc stosunek molowy Ca:P 1,67.
Materiat kalcynowano w temperaturze 600 °C. Preparatyka MAP obejmowata
strgcenie fosforanu glinu z uzyciem templatu Pluronic P123 i kalcynacje w
temperaturze 550 °C. Nastepnie MAPN otrzymano przez umieszczenie materiatu w

reaktorze ze ztozem statym, przez ktory przeptywat czysty amoniak w temperaturze

27



Cze$¢ eksperymentalna

800 °C. Materiaty referencyjne impregnowano palladem wedtug tej samej procedury

co dla modyfikowanych prébek MCF.
C. Cu/Ca-Nb-MCF, Cu/Ce-MCF

Nos$niki Ca-Nb-MCF oraz Ce-MCF z serii B zaimpregnowano 3 % wag. miedzi
(wodny roztwdér tréjwodnego azotanu(V) miedzi(Il)) i kalcynowano w temperaturze

550 °C.

Materialy referencyjne dla serii: Cu/HAP, Cu/MAPN otrzymano przez

analogiczng impregnacje miedzig no$nikow referencyjnych z serii B.

D. Ru/MCF, 5Ce/MCF, Ru/5Ce/MCF, 10Ce/MCF, Ru/10Ce/MCF, 20Ce/MCF,
Ru/20Ce/MCF

Nos$nik MCF impregnowano wodnym roztworem sze$ciowodnego azotanu(V)
ceru(Ill) w ilosciach 5, 10 oraz 20 % wag. Otrzymany proszek kalcynowano w
temperaturze 500 °C. Nastepnie mieszano cerowe nos$niki z wodnym roztworem
chlorku rutenu(IIl) w takiej ilosci, by wprowadzi¢ 1 % wag. rutenu. W kolejnym
etapie odfiltrowany osad poddawano dziataniu wodnego roztworu borowodorku
sodu a nastepnie przemywano wodg i suszono pod pr6znig w temperaturze 80 °C.
Preparatyka serii objela przygotowanie katalizatora nie zawierajacego ceru, t;.

Ru/MCF.
7.2. Charakterystyka

Otrzymane Kkatalizatory scharakteryzowano przy uzyciu standardowych i
zaawansowanych technik analitycznych dla ciat statych. Morfologie no$nika
zobrazowano technikg skaningowej mikroskopii elektronowej (SEM). Parametry
teksturalne, tj. rozmiar i objeto$¢ poréw oraz powierzchnie wtasciwa wyznaczono
technikg niskotemperaturowej fizysorpcji azotu. Stopnie utlenienia oraz
oddziatywania metali okre$lono dyfrakcja promieniowania rentgenowskiego,
spektroskopia fotoelektronéw w zakresie promieniowania X oraz spektrofotometria
UV-Vis. Jako technike uzupetniajacg przy wyznaczaniu stopnia utlenienia miedzi
wykorzystano spektroskopie w podczerwieni z transformacja Fouriera (FTIR) z
zastosowaniem NO jako czasteczki sondy. Obrazowanie transmisyjnej mikroskopii

elektronowej (TEM) pozwolito na poréwnanie rozktadu czastek na powierzchni dla
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katalizatoréw palladowych. Wiasciwosci kwasowo-zasadowe katalizator6w zbadano w
reakcjach testowych w fazie gazowej w przeptywie azotu: cyklizacji i odwodnienia 2,5-
heksanodionu (2,5-HDN) oraz odwodnienia i odwodornienia 2-propanolu. W celu
analizy centréw kwasowych wykonano badania spektroskopii w podczerwieni (FTIR) z
zastosowaniem pirydyny jako czasteczki sondy, natomiast moc i liczbe centréw
zasadowych zbadano przy zastosowaniu temperaturowo programowanej desorpcji
ditlenku wegla (CO2-TPD). Redukowalno$¢ uktadéw cerowo-miedziowych badano z
wykorzystaniem temperaturowo programowanej redukcji wodorem (H2-TPR).
Technika spektrometrii rentgenofluorescencyjnej (XRF) umozliwita wyznaczenie ilo$ci
wprowadzonego rutenu, co postuzyto dalej do wyliczenia dyspersji metalu za pomoca
chemisorpcji wodoru. Dla prébek rutenowych zawarto$¢ wprowadzonego ceru
oznaczano technikg ICP-OES. Szczegbétowe opisy wszystkich procedur zawarte sg w

publikacjach.
7.3. Aktywnos¢ katalityczna

AktywnoS$c¢ katalityczng przedstawionych kontaktéw statych przetestowano w
reakcjach: transestryfikacji butanolanu etylu metanolem (seria A, praca I),
redukcyjnej kondensacji acetonu (seria B i C, odpowiednio praca II i III) oraz

uwodornienia kwasu lewulinowego (seria D, praca IV).

Transestryfikacje butanolanu etylu metanolem prowadzono w fazie ciektej z
wykorzystaniem reaktoro6w EasyMax w temperaturze 60 °C przez 8 h =z
aktywowanym wcze$niej katalizatorem w temperaturze 700 °C. Probke pobierano w
30- i 60-minutowych interwatach czasowych, produkty analizowano technikg GC-

MS.

Redukcyjna kondensacja acetonu zachodzita w fazie gazowej, w przeptywie
mieszaniny wodoru i acetonu, przy uzyciu reaktora ze ztozem statym. Przed reakcja
katalizator byt redukowany in-situ w przeptywie wodoru w 350 °C. Reakcje
prowadzono w stalym przeptywie reagentéw w temperaturze 150, 200, 250 i 300
°C. Wykonano test stabilno$ci, testujgc katalizator w przeptywie reagentéw w
temperaturze 250 °C przez 24 h. Przebieg reakcji analizowano przy uzyciu

chromatografu gazowego.
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Reakcje uwodornienia kwasu lewulinowego prowadzono w reaktorze
ciSnieniowym Parr, gdzie wodny roztwor kwasu lewulinowego poddawano
dziataniu wodoru pod ci$nieniem (40 bar) w temperaturze 40 °C przez 1h.
Katalizatory testowane w reakcji nie byty aktywowane. Otrzymane produkty

analizowano przy uzyciu chromatografii gazowe;.

Szczegb6towe opisy warunkéw prowadzenia reakcji katalitycznych oraz analizy

produktéw reakcji przedstawione sg w publikacjach.
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8. Otrzymane wyniki i dyskusja
8.1. Charakterystyka nosnika MCF

Otrzymane Kkrzemionkowe mezostrukturalne pianki komoérkowe (MCF)
charakteryzowaty sie wzglednie duza powierzchnig wtasciwa w zakresie 645-726
m?2 g1, Srednice poréw oscylowaty w przedziale 23,9-35,5 nm, a taczace je okna w
przedziale  13,6-19,6 nm. Otrzymane izotermy  niskotemperaturowej
adsorpcji/desorpcji azotu typu IV(a) oraz obserwowana petla histerezy typu H1
(wedtug klasyfikacji [IUPAC) wskazaty na regularng i uporzadkowang mezoporowatg
strukture nos$nika. Morfologie pianek przedstawiono na zdjeciu SEM w publikacji II.
Przytoczone parametry nos$nika w pei pokrywaja sie z tymi prezentowanymi w

literaturze dla materiatu MCF.
8.2. Wplyw modyfikacji metalami na strukture katalizatorow

Materiat MCF modyfikowany byt jednym, dwoma lub trzema metalami. W
zaleznoSci od rodzaju i ilo$ci metalu, metody modyfikacji oraz ilo§ci wprowadzanych
metali wtasciwosci teksturalne katalizatoréw ulegaty specyficznym zmianom. W
pracy I MCF modyfikowano poprzez impregnacje tacznie 24 % wag. metali (20 %
wag Ca oraz 4 % wag. Nb i Ce w réznych proporcjach). Znalazto to odzwierciedlenie
w powierzchni wtasciwej, ktéra zmalata $rednio o 62 %. Odpowiednie spadki
odnotowano réwniez dla Srednicy i objeto$ci poréw. Podobny efekt zaobserwowano
w pozostatych pracach, co znajduje racjonalne wyjasnienie wynikajgce z ilosci
wprowadzanych metali na poziomie ok 20 % wag. W przypadku pracy II,
powierzchnia wtasciwa katalizatora Ca-Nb-MCF o tej samej zawarto$ci niobu i
wapnia co w pracy I, tj. Ca/2Ce2Nb/MCF, spadta o relatywnie te samg wartos¢,
natomiast poréwnywana préobka z pracy I, zawierata dodatkowo jeszcze 2 % wag.
ceru. Podobnie w samej pracy II mozna zauwazy¢, ze wprowadzenie 20 % wag. Ce
skutkuje blisko 1,8-krotnie wieksza powierzchnia wtasciwa niz dla niobowo-
wapniowego odpowiednika Ca-Nb-MCF o zblizonej zawarto$ci metali. Na podstawie
wynikéw przedstawionych w pracy IV mozna postulowaé, Zze modyfikacja MCF
réznymi iloSciami ceru (5-20 % wag.) nie wptywa na otrzymanie skrajnie réznych

parametréow teksturalnych, bowiem w stosunku do wyjsciowego MCF dla 5Ce-MCF
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powierzchnia wtasciwa spadta o 22 %, a dla 20Ce/MCF jedynie o 28 %. Cer zatem z
powodzeniem mozna wprowadzi¢ na powierzchnie materiatu MCF w stosunkowo
duzych iloSciach bez znacznego negatywnego wplywu na wtasciwosci teksturalne.
Ponadto, wprowadzanie ceru prowadzito kazdorazowo do zmniejszenia objetosci
poréw, Swiadczac o skuteczno$ci impregnacji jako metody nanoszenia metalu i w
konsekwencji do preferencji prekursora ceru do réwnomiernego zajmowania
wolnych przestrzeni nosnika. W pracy II i III w konicowym etapie naniesiono 3 %
wag. palladu lub miedzi na no$niki, jednocze$nie obserwowano wiekszy spadek
objeto$ci porow dla mezoporowatych materiatéw na bazie MCF czy MAPN w
stosunku do HAP, co podkresla role porowatosci materiatu w osadzaniu metalu
wewnatrz struktury zamiast na jego powierzchni. Co wazne modyfikacja

powierzchni r6znymi metalami nie powodowata destrukc;ji struktury MCF.
8.3. Metale na powierzchni katalizatorow

8.3.1. Krystaliczne formy metali

Technika XRD umozliwia detekcje krystalicznych form metali na powierzchni
materiatéw. Krzemionka typu MCF cho¢ jest materiatem uporzadkowanym, to jej
Sciany zbudowane s3 z amorficznej krzemionki. Z tego wzgledu nie obserwuje sie
reflekséw na dyfraktogramach zwigzanych z formami krystalicznymi, lecz jedynie
widoczne jest podniesienie linii dyfrakcyjnej w zakresie kata 2 theta ok. 20 °. Fakt
ten utatwia obserwacje sygnatow pochodzacych od krystalicznych form
wprowadzonych modyfikatorow. We wszystkich pracach za wyjatkiem pracy I
obserwowano wyrazne refleksy pochodzace od krystalicznego tlenku ceru o
Srednicy krystalitbw ponizej 10 nm. Nie mozna wyklucza¢ jednak udziatu
krystalicznego CeO; w katalizatorach z pracy I, gdyz istnieje prawdopodobienstwo,
ze zbyt mata zawartos¢ ceru (tj. 1-3 % wag.) lub bardzo mata wielko$¢ krystalitow
uniemozliwita jego detekcje. Co ciekawe, dla probki Ca/2Ce2Nb/MCF wykryto
udziat mieszanej fazy pomiedzy cerem i niobem w postaci CeNbOs. Obecnos¢
mieszanej fazy zaobserwowano wytacznie w przypadku prébki, gdzie naniesiono
ekwiwalentne zawartoSci wagowe niobu oraz ceru i znalazto to swoje
odzwierciedlenie w aktywnosci katalitycznej (opisanej w podrozdziale 8.5.1). W
przypadku pozostatych serii nie wykryto mieszanych faz pomiedzy metalami przy

pomocy techniki XRD.
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Wprowadzane sole wapnia ewoluowaty kazdorazowo (praca I, II, III) na
powierzchni jako mieszanina tlenku, weglanu i wodorotlenku wapnia. W pracy 1
stwierdzono najwiekszg zawarto$¢ tlenku wapnia dla uktadéw Ca/1Ce3Nb/MCF i
Ca/3CelNb/MCF. Niob w otrzymanych uktadach nie byt wykryty metoda XRD, ale
podobnie jak w przypadku CeO; w uktadach Ca/xCexNb/MCF, mogto to wynika¢ z
matej ilosci tego modyfikatora. Analogiczny wniosek wysnuto w zwigzku z brakiem
refleksow pochodzacych od form rutenu na dyfraktogramach w pracy IV. Na
dyfraktogramach w pracy III miedZ zidentyfikowano w formie tlenkowej tylko dla
katalizatora zawierajacego cer, tj. Cu/Ce-MCF oraz dla materiatu referencyjnego
Cu/HAP. Formy palladu byty trudne do detekcji dla katalizatora zawierajacego CeO>
ze wzgledu na mozliwo$¢ pojawienia sie refleksow form tlenkowych tych dwéch

pierwiastkéw przy zblizonych warto$ciach kata 2-theta.

8.3.2. Stopnie utlenienia metali

Spektrofotometria UV-Vis pozwolita na analize stopni utlenienia metali
przejSciowych Nb oraz Ce w pracy I. Zarejestrowane widma poddano dekonwolucji
wyodrebniajgc trzy pasma. Dla materiatlu z najwiekszym udziatem niobu
(Ca/1Ce3Nb/MCF) pasmo przy 307 nm przypisano wystepowaniu tlenku niobu(V).
Wraz ze zmniejszaniem zawartosSci niobu to pasmo przesuneto sie w strone
krétszych dtugosci fal, wskazujac na zwiekszajacy sie udziat Ce, ktéry rowniez moze
dawac sygnat w tym rejonie w zwigzku z transferem elektronowym pomiedzy 0% a
Ce#*. Dwa pozostate pasma w zakresie 220-260 nm zostaty zidentyfikowane jako
sygnaly pochodzace od niobu 4- i 5-skoordynowanego, jednak pokrywaty sie
réwniez z zakresem pasm zwigzanym z transferem elektronowym 02- -+ Ce3*. Jako
technika dajacy szczegotowy wglad w uzyskane formy metali naniesione na no$nik
zastosowano spektroskopie XPS. Tlenek ceru ze wzgledu na mozliwos¢
wspotistnienia dwoéch stopni utlenienia (III i IV) daje skomplikowane widmo 10
pasm w zakresie 920-870 eV, z ktérych trzy pary pochodza od formy Ce(IV) a dwie
od Ce(III). Rozréznienie i kwantyfikacja form utlenienia ceru pozwala na znalezienie
potencjalnych oddzialywan z innymi sktadowymi na powierzchni katalizatora.
Pomimo niskiej zawarto$ci ceru w badanych materiatach w pracy I udato sie
wyekstrahowa¢ widmo w zakresie 3d z dwiema parami pasm przypisanymi do

wystepowania Ce(Ill) i dwiema parami przypisanymi do Ce(IV). Katalizator
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Ca/2Ce2Nb/MCF charakteryzowat sie najwiekszym udziatem form Ce(IIl). Z kolei
analiza w zakresie Nb 3d wykazala, Ze w tej probce w odr6znieniu do
Ca/3CelNb/MCF i Ca/1Ce3Nb/MCF niob wystepuje na dwdch réznych stopniach
utlenienia, tj. (IV) i (V). Ten efekt w potaczeniu z obecnoscia rzadko wystepujacego
Nb(IV) oraz przesunietych w strone wyzszych energii wigzan pasm od Nb(V)
wskazuje na oddzialywanie ze zwigzkami ceru, co zostato réwniez wskazane przy
analizie XRD, gdyz to dla tej probki zidentyfikowano mieszang faze CeNbO4. Analiza

XPS w zakresie Ca 2p potwierdzita wyniki uzyskane z pomiaréw XRD.

Sygnat otrzymany w zakresie Nb 3d dla prébki Pd/Ca-Nb-MCF (praca II)
réwniez wykazat przesuniecie w strone wyzszych energii (208,3 eV) w stosunku do
standardowego Nb(V) z tlenku niobu(V), sugerujac oddzialywanie z nos$nikiem i
prawdopodobne tworzenie ugrupowan Nb(V)-O-Si. Dla tego Kkatalizatora
zidentyfikowano jednorodng forme palladu w postaci PdO. Pd/Ce-MCF z kolei
zawieral w wiekszosci metaliczny Pd(0) z niewielkim udziatem PdO. Uzyskane
widmo w zakresie Ce 3d wskazato na znikomy udziat Ce(Ill), dla ktérego
zidentyfikowano jedynie jedng pare pikéw, co wskazuje na potencjalne
oddziatywanie elektronowe pomiedzy zredukowanym palladem a CeO; z
przewazajaca forma ceru na wyzszym stopniu utlenienia Ce(IV). Nalezy doda¢, ze
pallad osadzony na prébkach referencyjnych w tej pracy, tj. HAP oraz MAPN réwniez
wystgpit w formie Pd(0) i PdO.

W pracy III uzyto tych samych nosnikéw co w pracy II, jednak zamiast palladu
wprowadzano miedZ. Analogicznie jak dla palladu w Pd/Ca-Nb-MCF, analiza XPS
wykazata, Zze miedZ w Cu/Ca-Nb-MCF byta wylgcznie w formie utlenione;j.
Konsekwentnie zaobserwowano drugg zalezno$¢, wskazujaca, ze w przypadku
naniesienia ceru zamiast wapnia i niobu miedZ ulega czesSciowej redukcji. W
przypadku Cu/Ce-MCF sygnal w regionie Cu 2p przesuniety w strone nizszych
energii wigzan oraz brak satelit charakterystycznych dla utlenionej miedzi Cu (II)
wskazywal na redukcje miedzi wynikajaca z oddzialywania z tlenkiem ceru.
Zalozono, ze redukcja jest czeSciowa, poniewaz na dyfraktogramie XRD byty
widoczne refleksy od fazy CuO. Katalizatory miedziowe poddano analizie XPS
réwniez w formie zredukowanej (tj. po aktywacji w wodorze, tak jak to czyniono

przed reakcjg). Sygnat nie rdznit sie znaczaco, wyrozniajac jedynie niewielkie
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przesuniecie w strone nizszych wartosci energii wigzania o wartos¢ 0,1 eV.
Wywnioskowano, Ze formy miedzi w katalizatorze przed i po reakcji sa bardzo
zblizone. Jednoznaczne okreslenie formy zredukowanej miedzi okazato sie jednak
niemozliwe, bazujac jedynie na pomiarze XPS. Wykonano uzupetniajaca analize przy
uzyciu spektroskopii FTIR z zastosowaniem NO jak czasteczki sondy. NO adsorbuje
w roznych koordynacjach na kationowych formach miedzi (tj. Cu(Il) i Cu(l)),
powodujac pojawienie sie pasm w widmach spektroskopii FTIR przy specyficznych
wartosciach liczby falowej. Na zarejestrowanym widmie po adsorpcji NO dla Cu/Ce-
MCF obserwowano jedynie kompleksy z udziatem Cu(II). Skonkludowano, ze brak
obecnosci Cu(I) wskazuje na Cu(0) jako zredukowang forme miedzi. Wnioskujac po
silnym przesunieciu pasm w strone nizszych wartosci energii dla materiatu Cu/HAP
tak jak dla Pd/HAP, przypisano obecno$¢ zredukowanych form metalu. Nalezy
jednak podkresli¢, ze w widmie Cu/HAP wyraznie widoczne byly satelity

pochodzace od CuO.

8.3.3. Oddzialywanie cer-miedz

Szczegblng uwage zwrécono na oddziatywania pomiedzy miedzig a cerem.
Unikatowe na tle innych prébek oddziatywanie wykazane przy uzyciu techniki XPS
postanowiono zgtebi¢ za pomoca dodatkowej techniki, tj. temperaturowo
programowanej redukcji wodorem (Hz-TPR). Wykonano pomiary w zakresie
temperatur odzwierciedlajacych warunki redukcji w wodorze przed reakcja (40-400
°C) dla trzech prébek: Cu/MCF, Ce-MCF oraz Cu/Ce-MCF. Dla monometaliczne;j
prébki cerowej w profilu H2-TPR nie obserwowano Zadnego sygnatu, co $wiadczy o
tym, ze tlenek ceru nie ulega redukcji w zadanym zakresie temperatur. Dla
miedziowej probki monometalicznej obserwowano intensywny sygnat z jednym
maksimum przy 233 °C podczas gdy dla Cu/Ce-MCF wyrézniono cztery maksima
odpowiadajace czterem indywiduum w proébce ulegajacym redukcji pod wptywem
wodoru. Wystepowanie najbardziej intensywnego maksimum dla bimetalicznej
prébki przy nizszej temperaturze (169 °C) niz dla Cu/MCF $wiadczy o utatwionej
redukcji miedzi w katalizatorze, w ktorym znajduje sie réwniez tlenek ceru, a
ztozony profil H2-TPR wskazuje na wystepowanie réznych form miedzi. W kolejnos$ci
od najnizszej temperatury redukcji rozrézniono: wysoce zdyspergowane czastki

tlenku miedzi oddziatywujace z powierzchniowym tlenkiem ceru, wieksze czastki
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tlenku miedzi odpowiadajgce sygnatlowi widocznemu na dyfraktogramie XRD oraz
tlenek miedzi w formie zaglomerowanej (,bulk”). Dodatkowo, na podstawie badan
XRD obliczono parametr komorki elementarnej w sieci krystalicznej CeO2 dla
materiatu Ce-MCF i poréwnano z parametrem wyznaczonym dla Cu/Ce-MCF. W
efekcie, zidentyfikowano skurczenie komorki elementarnej dla tlenku ceru w prébce
po wprowadzeniu miedzi, co sugeruje wbudowanie miedzi Cu?* do struktury tlenku
ceru i tej formie miedzi przypisano sygnat wystepujacy przy najwyzszej

temperaturze redukcji.

8.3.4. Dyspersja rutenu na katalizatorach cerowych

Nos$niki MCF w pracy IV zawierajace rézne ilosci ceru zostaty zmodyfikowane
ekwiwalentnymi iloSciami rutenu. Sygnat w =zakresie Ru 3p =zostat
zdekonwoluowany na dwie pary pasm pochodzacych odpowiednio od rutenu
metalicznego oraz jego utlenionej formy. Analiza sygnatéw w regionie Ru 3d
umozliwita jednoznacznie rozréznienie formy utlenionej pomiedzy Ru(III) i Ru(IV),
wskazujac na ta druga. Dla katalizatora Ru/MCF zidentyfikowano najmniejszy udziat
fazy metalicznej Ru(0) w poréwnaniu do Kkatalizatoré6w z dodatkiem ceru, co
wskazuje na wplyw ceru na stopien utlenienia rutenu. Na oddzialywanie pomiedzy
metalami Ru i Ce wskazata réwniez analiza regionu Ce 3d i zawartosci Ce(III)
wedtug stosunku Ce3+/(Ce3* + Ce**) gdzie najwiecej Ce3* (ok. 3-krotnie wiecej w
stosunku do katalizatorow 10Ce i 20Ce) obserwowano dla katalizatora
Ru/5Ce/MCF. Dla tej serii katalizatorow przeprowadzono pomiar chemisorpcji
wodoru w celu wyznaczenia dyspersji, wielkos$ci czastek i powierzchni rutenu.
Najnizsza dyspersje jak i najwiekszy rozmiar krystalitow uzyskano dla Ru/MCF.
Obecnos$¢ ceru w kolejnych préobkach spowodowata wzrost dyspersji i uzyskanie
mniejszych czastek rutenu, osiggajac ok. 8-krotnie wyzsza dyspersje dla

Ru/20Ce/MCF w stosunku do katalizatora bez dodatku ceru.
8.4. Wlasciwosci kwasowo-zasadowe

W pracy skupiono sie na generowaniu zasadowosci, co wynika z duzych ilosci
wapnia i ceru nanoszonych na krzemionke MCF. W pracach I, II i III wykorzystano
technike CO2-TPD do wyznaczenia mocy i iloSci centrow zasadowych. Wszystkie

otrzymane no$niki z pracy II i IlIl wykazywaty obecno$¢ centréw zasadowych. Warto
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zwroci¢c uwage, Ze w ramach wygenerowania zasadowo$ci w materiale
referencyjnym, tj. MAP, poddano no$nik dziataniu amoniaku w bardzo wysokiej
temperaturze wskutek czego tlen zostat czeSciowo zastgpiony azotem. Uzyskany w
ten sposéb nos$nik zyskat charakter zasadowy, dajac 3 maksima desorpcji CO; przy
temperaturach: 137, 215, 313 °C. Stabsze centra zasadowe uzyskano dla
katalizator6w otrzymanych na osnowie Ce-MCF i Ca-Nb-MCF uzyskujagc maksimum
desorpcji przy 93 °C. Niewiele réznigce sie miedzy sobg profile CO.-TPD dla
materiatow Ce-MCF i Ca-Nb-MCF wskazujg, Ze tlenek ceru moze z powodzeniem
zastepowac tlenek wapnia jako Zrédto zasadowosci. Podobng moc wykazaty centra
zasadowe drugiego materiatu referencyjnego, tj. HAP, jednak bylo ich znacznie
wiecej. Ponadto dla tej préobki wprowadzenie palladu doprowadzito do wzrostu
mocy centréw, w przeciwienstwie do materiatéw MCF modyfikowanych palladem.
Badania przeprowadzono takze dla wspomnianych wyzej nos$nikéw
modyfikowanych miedzia. Stwierdzono, ze w przypadku no$niko6w Ca-Nb-MCF i HAP
katalizatory okazaly sie mniej zasadowe, a w przypadku pozostatych dwéch
no$nikéw Ce-MCF i MAPN bardziej zasadowe, co moze by¢ efektem ztoZzonych

oddziatywan miedzy pierwiastkami wystepujacymi w katalizatorze.

W pracy I rowniez przeprowadzono analize zasadowosci przy uzyciu pomiaru
CO2-TPD. Na profilach desorpcji CO2 katalizatoréw wapniowo-cerowo-niobowych
obserwowano dwa intensywne sygnaty przy temperaturze ok. 400 i 660 °C, ktore
przypisano odpowiednio do formy tlenkowej i weglanowej wapnia. Sposréd trzech
badanych prébek najmniejsza liczbg centréw zasadowych charakteryzowata sie
Ca/2Ce2Nb/MCF, co skorelowano z wytworzeniem specyficznej mieszanej fazy
(CeNbO4) w tym Kkatalizatorze, ktérej obecnos¢ postulowano na podstawie wynikow

XRD.

W celu okreSlenia wtasciwosci kwasowo-zasadowych katalizatory (praca I)
poddano reakcji odwodnienia i cyklizacji 2,5-heksanodionu (2,5-HDN).
Selektywnos$¢ w tej reakcji wskazuje na ilo$¢ centréw kwasowych i zasadowych
Bronsteda, prowadzac do produkcji odpowiednio 2,5-dimetylofuranu (DMF) i 3-
metylo-2-cyklopentenonu (MCP). Zdecydowana dominacja MCP w mieszaninie
otrzymanych produktéw dowiodta wyraznego charakteru zasadowego materiatéw.

Dodatkowo aktywno$¢ Ca/1Ce3Nb/MCF i Ca/3Cel1Nb/MCF byta Srednio dwa razy
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wyzsza niz ta otrzymana dla Ca/2Ce2Nb/MCF, ponownie wskazujagc na odmienne

wtlasciwosci tej probki.

Katalizatory palladowe réwniez przebadano w reakcji odwodnienia i cyklizacji
2,5-heksanodionu (2,5-HDN). Posréd badanych materiatéw zdecydowanie zasadowy
charakter wykazaty Pd/Ce-MCF, Pd/Ca-Nb-MCF i Pd/HAP (~100 % selektywnosci
do MCP), natomiast katalizator Pd/MAPN posiadat przewazajaca liczbe centréw
kwasowych (66 % selektywnos$ci do DMF). Znaczny udziat kwasowos$ci w tym
materiale wskazat, ze jedynie cze$¢ grup P-OH ulegla transformacji do P-NH; w

wyniku dziatania na MAP amoniakiem.

Dla katalizatoréw miedziowych (z pracy III) przeprowadzono pomiary
spektroskopii FTIR przy uzyciu pirydyny jako czasteczki sondy. Celem badania byto
doktadne okreSlenie rodzaju centréow kwasowych. Dla materiatéw Cu/Ce-MCF i
Cu/Ca-Nb-MCF zidentyfikowano obecno$¢ centrow kwasowych Lewisa (LAS).
Podczas gdy dla katalizatora Cu/Ce-MCF pasma zwigzane z adsorpcja pirydyny na
centrach LAS byty intensywne i utrzymaty sie nawet po ewakuacji w temperaturze
300 °C, analogiczne pasma dla materiatu Cu/Ca-Nb-MCF byly o znacznie mniejszej
intensywno$ci i zniknety juz przy nizszych temperaturach odgazowania. Dodatkowo
po ewakuacji w 200 °C w widmie Cu/Ce-MCF pasmo przy liczbie falowej 1450 cm!
ulegto rozdzieleniu na dwie sktadowe, ujawniajgc obecnos¢ dwdéch rodzajow LAS.
Uzyskanie wiekszej liczby centréw kwasowych przy tej samej iloSci naniesionej
miedzi na no$niku dotowanym tlenkiem ceru ponownie podkres$la interakcje

pomiedzy tymi dwoma sktadnikami katalizatora i promujacy efekt ceru.
8.5. Aktywnos¢ katalityczna

8.5.1. Transestryfikacji butanolanu etylu metanolem

Aktywnos$¢ Kkatalityczng materiatow z serii A badano w procesie
transestryfikacji butanolanu etylu metanolem (faza ciekta) jako modelowej reakcji
otrzymywania biodiesela. Najwieksza aktywno$¢ otrzymano przy zastosowaniu
katalizatorow o réznej zawarto$Sci niobu i ceru, tj. Ca/1Ce3Nb/MCF oraz
Ca/3CelNb/MCF. Zdecydowanie mniejszg wydajno$¢ butanolanu metylu
obserwowano dla katalizatora o ekwiwalentnych ilosciach Nb i Ce, tj.

Ca/2Ce2Nb/MCF. Ponad 2-krotnie wyzsza konwersje rejestrowang dla
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Ca/1Ce3Nb/MCF oraz Ca/3CelNb/MCF w stosunku do Ca/2Ce2Nb/MCF
wyttumaczono réznymi witasciwosciami zasadowymi materiatow (CO2-TPD, sekcja
8.4) oraz stezeniem CaO (XRD). Katalizatory charakteryzujace sie najwiekszg liczba
centrow zasadowych CaO byly réwniez najbardziej aktywne. Mimo tej samej iloSci
wprowadzonej soli wapnia w trakcie modyfikacji no$nika, testowane katalizatory
wykazywaty znaczaco rézng aktywnos$¢. W celu okreslenia wplywu niobu i ceru na
aktywno$¢ katalityczng, przygotowano i przebadano takze Kkatalizator bez ich
dodatku, tj. Ca/MCF. Otrzymana konwersja z jego udziatem byta wyzsza od tej dla
Ca/2Ce2Nb/MCF, jednak nizsza niz dla dwdch najaktywniejszych katalizatoréow.
Wprowadzenie ceru i niobu na powierzchnie nos$nika miato istotny wplyw na
aktywno$¢ katalityczna, ktéry byt pozytywny przy wprowadzaniu innych niz rowne
zawartosci tych dwdch pierwiastkdw. Nizszg aktywnos$¢ katalityczng dla materiatu
Ca/2Ce2Nb/MCF obserwowano réwniez w reakcji odwodnienia i cyklizacji 2,5-HDN
(sekcja 8.4). Na podstawie szczegdtowej charakterystyki, dowiedziono, ze
utworzenie mieszanej fazy CeNbO4 przy impregnacji tymi samymi iloSciami Ce i Nb
ma negatywny wplyw na obserwowang aktywno$¢ katalityczng, podczas gdy
nadmiar niobu jak i ceru prowadzi do zwiekszenia konwersji. Zidentyfikowane
technikg XPS zredukowane formy Ce i Nb w materiale Ca/2Ce2Nb/MCF prowadza
do utworzenia wakancji tlenowych, ktére moga koordynowac tlen z CaO, powodujac

jego dezaktywacje w reakcji transestryfikacji.

Dodatkowo, dla tej serii katalizatoréw przeprowadzono takze recykling
najbardziej aktywnych materiatéw. Wykazano, ze byly one réwniez aktywne w

kolejnych cyklach.

8.5.2. Reakcja redukcyjnej kondensacji aldolowej acetonu

Aktywnos$¢ katalityczna materiatéw z pracy II i III byta badana w reakgji
redukcyjnej kondensacji aldolowej acetonu (faza gazowa). Zaktadanym celem byto
otrzymanie duzej wydajno$ci tworzenia ketonu metylowo-izubotylowego (MIBK).
Przygotowane w ramach pracy materiaty HAP oraz MAPN zostaty wczes$niej opisane
w literaturze jako atrakcyjne nosniki dla fazy aktywnej w badanej reakcji i stanowity
odno$nik dla otrzymanych katalizatorow z serii B i C. Nowe katalizatory palladowe
bazujace na nos$niku MCF byty aktywne i selektywne w reakcji w calym zakresie

badanych temperatur. Poza wysoka selektywno$cig do MIBK na poziomie ok. 90 %
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obserwowano réwniez tworzenie sie produktow ubocznych: gtéwnie ketonu
diizobutylowego (DIBK) oraz $ladowych ilosci izopropanolu (IPA). Aktywnos¢
katalityczna materiatu Pd/Ca-Nb/MCF wyrazona jako konwersja acetonu
charakteryzowata sie liniowym wzrostem wraz ze wzrostem temperatury i
osiaggneta warto$¢ 11 % w najwyzszej temperaturze, tj. w 300 °C. Zblizong konwersje
dla katalizatora Pd/Ce-MCF otrzymano juz w 250 °C, ktéra ulegta znacznemu
wzrostowi w 300 °C, osiggajac wartos$¢ blisko 32 %. Katalizatory referencyjne
rowniez byly aktywne w reakcji, z tym zZe selektywno$¢ do MIBK dla Pd/MAPN
utrzymywata sie na niskim poziomie, nie przekraczajagc 10 %. Zastosowanie
Pd/MAPN prowadzito gtéwnie do otrzymania IPA oraz eteru diizopropylowego
(DIPE). Alkohol powstaje przez uwodornienie acetonu na centrach metalicznych,
natomiast tworzenie eteru wymaga centrow kwasowych. Wysoki udziat kwasowosci
dla Pd/MAPN (opisany w sekcji 8.4) przyczynit sie do produkcji DIPE. Selektywno$¢
drugiej probki referencyjnej Pd/HAP byta zbliZzona do materiatbow MCF
modyfikowanych palladem. Podobnie towarzyszacymi produktami ubocznymi byty
DIBK oraz niewielki procent IPA. Wraz ze wzrostem temperatury wzrastala
konwersja, uzyskujac ostatecznie warto$¢ ok. 35 % w 300 °C. W celu okres$lenia roli
palladu na aktywnos$¢ i selektywnos$¢ przebadano najbardziej aktywne no$niki takze
przed wprowadzeniem tego metalu. W wyniku reakcji otrzymano gtéwnie posredni
produkt, tj. tlenek mezytylu, z niewielka wydajnoscig do MIBK (Ce-MCF w 300 °C: 12
% konwersji, 17 % selektywnosci do MIBK). Dowiedziono, Ze wprowadzenie palladu
byto niezbedne do otrzymania MIBK. Na podstawie wynikow XPS (sekcja 8.3.2)
wykazano korelacje pomiedzy formami naniesionego palladu, na powierzchnie
katalizatora, a wydajno$cia w reakcji. Mimo aktywacji katalizatorow w wodorze
przed reakcjg, katalizatory, dla ktérych okres$lono juz najwiekszy udziat palladu
metalicznego Pd(0) w probkach po kalcynacji, tj. Pd/Ce-MCF oraz Pd/HAP
wykazywaty najwyzsza aktywno$¢. Nie znaleziono natomiast zalezno$ci pomiedzy
parametrami zasadowo$ci probek a aktywnoScig katalityczna. Przetestowano
stabilno$¢ powyzszych dwoch, najbardziej wydajnych katalizatoréw w reakgcji
prowadzonej przez 24 godziny w temperaturze 250 °C. Pomimo znacznie wyzszej
(blisko 3-krotnie) poczatkowej konwersji dla Pd/HAP (27 %) niz dla Pd/Ce-MCF
(11%), wraz z uptywem czasu obserwowano drastyczny spadek przereagowania dla

Pd/HAP. Najwiekszy spadek konwersji odnotowano po uptywie pierwszych 3 h. Na
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koniec reakcji, tj. po 24 h w przeptywie acetonu i wodoru, konwersja spadta o 70%
w stosunku do poczatkowych wartosci i wynosita 8 %. Katalizator Pd/Ce-MCF,
ktérego konwersja niezmiennie utrzymywata sie na poziomie 11 %, byt znacznie
bardziej stabilny od Pd/HAP, a w efekcie bardziej aktywny na koniec reakcji (11 %
vs. 8 %). Wysoka ponad 90 % selektywno$¢ do MIBK (z niewielkim spadkiem na
poczatku reakcji dla Pd/HAP) utrzymywata sie dla obu katalizatoréw przez 24
godziny. Wyzsza stabilno$¢ katalizatora Pd/Ce-MCF w stosunku do Pd/HAP mogta
wynika¢ z wtasciwosci strukturalnych. MCF pomimo modyfikacji metalami nadal
charakteryzowat sie wiekszg powierzchnig wtasciwa od modyfikowanego palladem
HAP, co wptyneto rowniez potencjalnie na rozmieszczenie fazy aktywnej. Na zdjeciu
TEM (praca II) dla obu katalizatoré6w obserwowano mniejsze czastki dla Pd/Ce-MCF
niz dla Pd/HAP. Struktura MCF to system potaczonych ze sobg komér, ktory
przyczynia sie do utatwionej dyfuzji reagentéw zaréwno do fazy aktywnej jak i po
reakcji na zewnatrz. Dodatkowo po tescie stabilno$ci wykonano analize elementarng
dla katalizatoré6w. Pomimo, Ze materiat Pd/Ce-MCF skumulowat wiecej koksu, a
takze jego parametry teksturalne ulegly zmniejszeniu w wiekszym stopniu niz dla
Pd/HAP, to stwierdzono, ze lepsza stabilno$¢ mogla by¢ efektem wyzej

wymienionych wtasciwos$ci zwigzanych ze strukturg materiatu.

W tej samej reakcji badano aktywnos$¢ katalizatoréw bedacych miedziowymi
odpowiednikami powyzszych katalizatorow palladowych (praca III). MiedzZ jest
znacznie tanszym metalem od palladu i moze wuczyni¢ proces bardziej
ekonomicznym. MiedZ wprowadzono w tej samej ilosci co pallad (3 % wag.) i
otrzymane katalizatory testowano w tych samych warunkach reakcji. Dla
materiatbw Cu/Ca-Nb-MCF oraz Cu/Ce-MCF wzrost konwersji nie byt liniowy.
Natomiast zachowano trend odnotowany dla katalizatorow palladowych, gdzie
nos$nik Ce-MCF modyfikowany metalem (Pd lub Cu) pozwolit na uzyskanie znaczaco
wiekszych konwersji niz nos$nik Ca-Nb-MCF. Podobnie jak w poprzedniej pracy,
selektywnos¢ do MIBK dla modyfikowanych katalizatoréw MCF utrzymywata sie na
wysokim poziomie (w przypadku katalizatoréw miedziowych w przedziale 79-91
%), a produktami ubocznymi byly DIBK oraz IPA. Cu/Ce-MCF osiggnat konwersje
acetonu na tym samym poziomie co Pd/Ce-MCF w 300 °C juz w temperaturze 250 °C.

Blisko 2-razy wyzsza konwersje od tej otrzymanej dla Pd/Ca-Nb-MCF obserwowano
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dla miedziowego odpowiednika Cu/Ca-Nb-MCF w w 250 °C. Zastosowanie miedzi
zamiast palladu oraz ceru jako dodatkowego modyfikatora no$nika MCF miato
korzystny wptyw na aktywno$¢ katalityczng otrzymanych materiatéw. Zastgpienie
palladu miedzig skutkowato odwrotnym efektem katalitycznym w przypadku
no$nika HAP, gdzie konwersja Cu/HAP, mimo, Ze wysoka, byta nizsza niz dla
Pd/HAP. Natomiast analogicznie do Pd/MAPN, Cu/MAPN réwniez nie byt
selektywny do MIBK, przyczyniajac sie do produkcji gtéwnie DIPE lub IPA, co

wskazuje na silny wptyw kwasowos$ci nosnika MAPN na selektywno$¢.

W  reakcji przetestowano takze aktywno$¢ katalizatora Cu/MCF i
zarejestrowano niska aktywnos$¢ na poziomie 5 % z selektywno$cig do MIBK 76 % w
temperaturze 300 °C. Obserwowana aktywno$¢ katalityczna dla katalizatoréw
monometalicznych zawierajacych cer lub miedZ wskazuje na oddziatywanie miedzy
tymi metalami w prébce Cu/Ce-MCF, prowadzace do wzrostu konwersji oraz
selektywnosci do MIBK w reakcji redukcyjnej kondensacji acetonu. Synergiczny
efekt wynikajacy ze wspétistnienia miedzi oraz ceru na powierzchni MCF zostat
dobrze udokumentowany przy uzyciu techniki Hz-TPR opisanej w sekcji 8.3.3.
Korzystny efekt obecno$ci ceru byt widoczny juz dla katalizatora palladowego,
jednak w przypadku zastosowania miedzi oddziatywanie z cerem byto silniejsze, co

znalazto odzwierciedlenie w otrzymanych wynikach katalitycznych.

Wyselekcjonowany katalizator Cu/Ce-MCF poddano testowi stabilnoSci
katalitycznej razem z drugim najbardziej aktywnym miedziowym materiatem, t;.
Cu/HAP. Tak jak obserwowano dla Pd/HAP, podobnie Cu/HAP wykazywat wysoka
konwersje na poczatku reakcji, ktéra ulegata gwattownemu spadkowi wraz z
uptywem czasu. Dla Cu/Ce-MCF réwniez odnotowano spadek przereagowania
acetonu, jednak w znacznie mniejszym stopniu. Materiat Cu/Ce-MCF wykazywat
stabilng aktywno$c¢ katalityczng juz po 3 h, podczas gdy aktywnos$¢ Cu/HAP nadal
wykazywata tendencje spadkowa. Mimo poczatkowego spadku aktywnoSci
ostatecznie Cu/Ce-MCF charakteryzowat sie wiekszg konwersja acetonu niz Pd/Ce-

MCF.
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8.5.3. Uwodornienie kwasu lewulinowego

Uwodornienie kwasu lewulinowego prowadzono jako reakcje testowa w
obecnosci katalizatorow MCF modyfikowanego cerem i rutenem. Reakcja
przebiegata w fazie ciektej pod ci$nieniem wodoru w niskiej temperaturze 40 °C, w
celu zroznicowania aktywnoSci otrzymanych katalizatoréw. Mimo zastosowania
niskich temperatur zarejestrowano przereagowanie kwasu lewulinowego do
jedynego produktu, y-walerolaktonu. Katalizator bez dodatku ceru, Ru/MCF, byt
najmniej aktywny (11.8 % konwersji). Dodatek niewielkiej ilosci ceru (5 % wag.)
zwiekszyt aktywnos$¢, utrzymujac ten trend az do osiggniecia konwersji 19,3 % dla
Ru/10Ce/MCF. Warto podkresli¢, iz badania chemisorpcji wodoru wykazaty, ze
dyspersja rutenu wzrastata wraz z wiekszg ilo$cig ceru wprowadzonego na nosnik,
ttumaczac, iz cer w tym przypadku peni funkcje promotora strukturalnego. Co
wazne, obserwowano liniowy wzrost konwersji kwasu lewulinowego w stosunku do
powierzchni rutenu mierzonej metoda chemisorpcji wodoru do momentu gdy
wielkos¢ krystalitow rutenu byta wieksza niz wejscia do komér nos$nika. Jednakze,
dla najwiekszego zatadowania ceru, tj. Ru/20Ce/MCF, obserwowano juz nizsza
aktywnos$¢. Spadek aktywnosci skorelowano z wyzsza dyspersja rutenu, ktérego
wielkos$¢ krystalitow pozwalata na lokalizacje wewnatrz mezoporowatego nosnika.
To z kolei mogto skutkowac¢ utrudniong dyfuzja reagentéw i dotarciem do centrow

aktywnych.
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9. Wnioski

Przedmiotem rozprawy doktorskiej sa wyniki otrzymane w czterech
publikacjach naukowych z zakresu katalizy heterogenicznej. Przedstawiono cztery
serie katalizatoréw otrzymanych z wykorzystaniem no$nika MCF (krzemionka o
strukturze mezoporowatych pianek) z dodatkiem ceru i zgtebiono jego role na
uzyskiwane wtasciwosci katalityczne. Poza cerem uzytymi modyfikatorami metali
byty: wapn, niob, pallad, miedZ, ruten. Wprowadzenie metali w ilosci do 25 %
wagowych nie powodowato zmiany struktury materiatu MCF, zachowujac system
potaczonych ze soba komér. Modyfikacja metalami prowadzita natomiast do
zmniejszenia warto$ci parametréw teksturalnych takich jak: powierzchnia
wtasciwa, rozmiar i objeto$¢ poréow. W przypadku modyfikacji cerem zmiany
powierzchni wtasciwej byly mniej znaczace niz uzyskane dla analogicznych

zawarto$ci wprowadzonego niobu czy wapnia.

Wprowadzane metale otrzymywano giéwnie w formie tlenkowej na
powierzchni nos$nikéw, co jest charakterystyczne dla metody impregnacji
prekursorami metali i nastepujacej kalcynacji. Miedz, pallad i ruten, w materiatach z

dodatkiem ceru przyjmowaty réwniez zredukowang forme metaliczna.

We wszystkich seriach katalizatoréw obserwowano powstawanie tlenku ceru
z udziatem Ce(IV) i Ce(IlI) jak wynika z analizy XPS. Stezenie Ce(IIl) miato wptyw na
otrzymywane wyniki katalityczne. Wieksza ilo§¢ form Ce(III) i ich oddziatywanie z
innymi modyfikatorami sprzyjata formowaniu produktu w reakcji uwodornienia
kwasu lewulinowego do y-walerolaktonu, odwrotny efekt obserwowano dla reakgcji
transestryfikacji butanolanu etylu z metanolem. Zarejestrowano oddziatywanie ceru
z innymi metalami. Przy wprowadzeniu réwnej wagowo ilosci ceru i niobu w
katalizatorze Ca/MCF odnotowano powstanie mieszanej fazy NbCeOs. Inne niz
ekwiwalentne stosunki wagowe Nb i Ce w uktadach wapniowych MCF skutkowaty
otrzymywaniem wapnia w przewazajacej formie tlenkowej w stosunku do
pobocznych faz weglanu i wodorotlenku i w konsekwencji do zwiekszonej
aktywnosci w reakcji transestryfikacji. CeOz petnit role Zrédta zasadowoSci w reakcji
redukcyjnej kondensacji acetonu na katalizatorach palladowych. Dodatkowo cer

promowat generowanie fazy Pd(0) cennej w reakcji uwodornienia.
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Zbadano zastgpienie palladu miedzig w tym procesie. Tlenek miedzi osadzony
na MCF ulegat redukcji w nizszych temperaturach przy dodatku tlenku ceru.
Utatwiona redukcja miedzi przyczynita sie do zwiekszonej aktywnosci katalitycznej.
Dodatkowo, cer stabilizowal miedZ co obserwowano w wydluZzonym tescie
katalitycznym. Dla tej trzyetapowej reakcji obejmujacej kondensacje acetonu,
odwodnienie i uwodornienie zidentyfikowano odpowiednio centra aktywne: Cu(0),

Ce0s, Cu(II).

Modyfikacja Ru/MCF cerem miata wplyw na stopien utlenienia rutenu oraz
jego dyspersje. Zwiekszaniu zawartosSci ceru towarzyszyt spadek rozmiaru
nanoczastek rutenu na powierzchni MCF (tj. wzrost dyspersji). Katalizator
bimetaliczny ze zoptymalizowanga ilosciag Ce skutkowat blisko 2-krotnie wyzsza
wydajnoscia w reakcji uwodornienia kwasu lewulinowego do y-walerolaktonu od

katalizatora monometalicznego Ru/MCF.

Na podstawie przeprowadzonych badan dla réznych serii katalizatorow
bazujacych na mezoporowatej krzemionce typu MCF udowodniono, Ze wzbogacanie
sktadu katalizatora heterogenicznego o komponent ceru znajduje szeroki wachlarz
zastosowan w Kkatalizie. Tlenek ceru moze peic¢ role centrum aktywnego typu
redoks lub zasadowego, a takze wchodzi¢ w oddziatywanie z innymi metalami,
promujac ich wilasciwosci katalityczne czy tez petni¢ funkcje promotora

strukturalnego.
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ARTICLE INFO ABSTRACT

Keywords: Mesostructured cellular foams (MCF) were modified with calcium (20 wt%) and dopants (cerium and niobium;
Mesoporous materials Ce/Nb = 2:2, 1:3, 3:1) using wetness impregnation. The samples obtained were used in model reaction, i.e.
Ca transesterification of ethyl butyrate with methanol. The application of dopants in non-equivalent weight load-
Ce

Nb modification
Basicity
Transesterification

ings significantly increased the activity of Ca/MCF catalysts. This activity was dependent on the ratio of Ce to Nb
in the sample which determined the oxidation state of cerium. The application of the equivalent amount of Nb
and Ce resulted in the formation of cerium niobate that finally decreased the activity of Ca species.

1. Introduction

Many important industrial processes including biomass transfor-
mation are carried out in alkaline conditions in the presence of
homogeneous catalysts, which requires neutralization of the post-re-
action mixture and supply of a fresh catalyst portion in every cycle [1].
The potential corrosion of the reactor and its connectors also has to be
taken into account. Heterogeneous catalysts can eliminate the above-
mentioned disadvantages, however, development of effective solid
catalysts is still a challenge.

Alkali metal oxides such as CaO, MgO or Na,O and their mixtures
are commonly applied in transesterification reaction giving a high yield
of vegetable oils transformation to fatty acid methyl esters [1].
Nevertheless, the metal oxide providing basic sites tends to migrate to
the homogeneous phase and undergo saponification, which makes the
catalyst significantly less active in the next cycle [1,2]. To solve this
problem the alkali metal oxide was proposed to be mixed with transi-
tion metal oxide (like NiO, Nd,O5 or ZnO), which resulted in stabili-
zation of the active components and allowed the catalyst reutilization
[3,4]. Attempts have been made to use also cerium oxide as an additive
to alkali metal oxides [5]. Its use in a physical mixture with calcium
oxide led not only to an increase in the activity in palm oil transes-
terification with methanol, but most importantly, to the reduction of
leaching of the active phase which permitted the effective reusability of
the catalyst within 18 cycles.

Ceria (cerium oxide) with acid-base properties is an interesting
additive for catalytic material and finds application in many reactions
[6]. Combining ceria with another transition metal oxide can boost the

* Corresponding author.
E-mail address: tmaciej@amu.edu.pl (M. Trejda).
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catalyst's activity by interatomic interactions [7,8]. Ceria has been re-
ported to improve selectivity and basicity of Cu/AlCeO in the carbon
dioxide hydrogenation to methanol [8]. Interaction between copper
and the support resulted in superior reaction performance to that ob-
tained on ZnAlO. When using heterogeneous basic catalysts we have to
face also another important issue. The raw feedstock of biomass usually
consists of large molecules. Therefore, the target catalyst should have
large surface area and open pore system enabling free flow of regents. It
has been documented that besides mesoporosity the internal structure
of pores can be also a rate-limiting factor [9]. Two mesoporous mate-
rials, i.e. SBA-15 and KIT-6 with two-dimensional and three-dimen-
sional pore system, respectively, have been investigated [9]. It was
shown that the interconnectivity of pores in KIT-6 enhanced mass
transfer giving higher conversion of fatty acids in esterification with
methanol.

Taking into account the above-mentioned aspects, in this study the
three-dimensional mesostructured cellular foams (MCF) were chosen as
a support for calcium species. MCF is characterized by large spherical
pores (diameter 20-50 nm) interconnected via windows (10-25 nm)
and surface area up to 1000 m? g_l [10]. This material allows in-
corporation of a relatively large amount of calcium. It has been found
that the addition of niobium to the ordered mesoporous material can
stabilize its structure upon modification with calcium precursor [11].
For this reason, niobium was also used as a dopant in this study.
Moreover, it has been recently found that simultaneous impregnation of
cerium and niobium can induce a synergistic interaction between those
two elements [12]. To get a deeper insight into this phenomenon, Ce
and Nb were applied in different weight ratios in this study. The effect
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of the interaction of calcium, niobium and cerium was examined in the
model transesterification process, i.e. the reaction of ethyl butyrate
with methanol.

2. Experimental
2.1. Preparation of the catalyst

Mesocellular foam (MCF), was synthesized according to the proce-
dure described in [13]. The MCF support was modified with niobium
and cerium by one-pot wetness impregnation using methanol solution
of niobium (V) ethoxide (Sigma Aldrich, 99.95%) and cerium (III) ni-
trate hexahydrate (Sigma Aldrich, 99.99%) in the specific amounts to
obtain 1:3, 2:2 or 3:1 weight loadings of the metals. In the second step,
the materials were impregnated with 20 wt% of calcium using calcium
acetate monohydrate (Sigma-Aldrich, 99%). The catalysts were cal-
cined in air at 773 K for 5 h after niobium and cerium impregnation and
later at 973 K also in air for 5 h after incorporation of calcium. Three
catalysts were synthesized: Ca/1Ce3Nb/MCF, Ca/2Ce2Nb/MCF and
Ca/3CelNb/MCF, where numbers in acronyms correspond to weight
loading % of Ce and Nb.

Additionally, Ca/MCF with 20 wt. %. of calcium (calcined at 973 K
for 5 h), already described in [14], served as reference material.

2.2. Characterization techniques

The catalysts obtained were characterized using the low-tempera-
ture N, adsorption/desorption, X-ray diffraction, UV-vis spectroscopy,
CO, temperature programmed desorption, X-ray photoelectron spec-
troscopy. The catalysts were applied in the reaction of cyclization and
dehydration of 2,5-hexanedione to determine their acid/base proper-
ties. The conditions of measurements are described in details in sup-
porting materials.

2.3. Test reactions

The model reaction of transesterification of ethyl butyrate with
methanol was carried out in liquid phase at 333 K for 8 h using 64 mg of
the catalyst calcined prior the reaction at 973 K for 4 h. The details of
the process are shown in supporting materials.

3. Results and discussion
3.1. Textural/structural characterization

Table 1 shows the textural parameters of the materials prepared
characterized by low-temperature nitrogen adsorption/desorption. The
isotherms of type IV(a) [15] presented in Fig. S-1 confirm the meso-
porous character of the catalysts. Relatively large surface area
645 m?> g~ ! of MCF support is significantly reduced to ca.
234-258 m? g ! after loading of metals (24 wt. % in total of Ce, Nb,
Ca). The same effect is observed for pore volume (decrease from
2.55 cm® g~ ! for MCF to ca. 1.10 cm® g~ ! for metal-modified samples),

Table 1
Textural parameters of the catalysts extracted from nitrogen physisorption
analysis.

Catalyst BET surface area  Pore volume Pore diameter [nm]
m? g~ ] [em® g~ 1]
Window Cell (ads)
(des)
MCF 645 2.55 19.6 35.5
Ca/2Ce2Nb/MCF 234 1.15 17.6 32.5
Ca/1Ce3Nb/MCF 258 1.12 17.5 29.5
Ca/3CelNb/MCF 237 1.03 15.5 29.1
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Fig. 1. XRD patterns of the calcined catalysts.

suggesting that metal derived species were located inside the pores. A
non-equivalent content of niobium and cerium to a high degree influ-
ences the value of pore diameter. A bigger drop in cell diameter ob-
served for Ca/3CelNb/MCF and Ca/1Ce3Nb/MCF than for Ca/
2Ce2Nb/MCF indicates that in these samples the amount of metal an-
chored inside the pores was larger than in the sample with niobium and
cerium added in the same amounts. This phenomenon should be cor-
related with the formation of mixed oxide in case of Ca/2Ce2Nb/MCF,
which is documented in next paragraph. The textural parameters are
described in details in supporting materials.

3.2. Crystalline metal species

X-ray diffraction measurements enabled detection of crystalline
forms of metals present after modification of the support (Fig. 1). As a
results of calcination, calcium acetate evolved to various forms giving
characteristic reflections of hydroxide (18.0°, 34.0°, 50.7° of 20), car-
bonate (29.4°, 47.1° of 20) and calcium oxide as major species (32.1°,
37.3°, 53.8° of 20). Relative peak intensities of calcium oxide and
calcium carbonate (given in brackets), calculated on the basis of the
most intense reflections, imply that the excess of calcium oxide changes
in the following order: Ca/1Ce3Nb/MCF (3.30) = Ca/3CelNb/MCF
(3.24) > Ca/2Nb2Ce/MCF (1.50). The last sample exhibits the lowest
peak intensities of all crystalline Ca species. There are no signals
coming from the support as it is amorphous. XRD patterns do not reveal
the presence of any crystalline species of niobium or cerium oxides as
well, which should be attributed to low loading of those metals and/or
a high dispersion of the metal species. However, there is one reflex at
28.3° which is characteristic of cerium niobate (CeNbO,4) [16-18]. In-
terestingly, the highest intensity of this peak was observed for the
sample Ca/2Nb2Ce/MCF.

3.3. The state of transition metals

The state of transition metals in the catalysts was characterized by
the UV-vis spectroscopy. The spectra show a broad band in the range
from 220 to 350 nm with three deconvoluted bands (Fig. S-2).
According to literature [19], the bands at ca. 222-225 nm and
247-258 nm are characteristic of tetra- and penta-coordinated niobium
species, respectively. For the sample with 3 wt. % of niobium, there is
an additional band with a maximum at 307 nm assigned to the presence
of bulk niobium oxide. This band is blue-shifted for Ca/2Ce2Nb/MCF
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(297 nm) and Ca/3CelNb/MCF (289 nm) due to the increased parti-
cipation of cerium in the form of cerium oxide and can be ascribed to
the charge transfer from oxygen to Ce** [20]. The absorption band
coming from O%---Ce®** is possibly overlapping with the signal coming
from tetra-coordinated niobium. The majority of niobium atoms are
tetra- or penta-coordinated, which is in line with the absence of re-
flections coming from niobium(V) oxide in the XRD patterns. Moreover,
the results of nitrogen physisorption (Table 1) show that the sample
with the highest loading of cerium (Ca/3Cel1Nb/MCF) has significantly
smaller window diameter as well as pore volume in comparison with
the one with the highest amount of niobium introduced (Ca/1Ce3Nb/
MCF). This suggests that cerium oxide nanoparticles are located mainly
in the windows of MCF material and cause the highest size drop after
loading of calcium species.

Some additional information concerning the state of metal species
can be deduced from XPS spectroscopy measurements. The chemical
composition of sample surfaces based on XPS measurements are pre-
sented in Table S-1. The region of Ca 2p (Fig. S-3) revealed the well-
resolved spin-orbit split 2p doublet with the Ca 2p3,, at 347.6 eV
characteristic of the presence of calcium species, which can occur in the
form of oxide, carbonate or hydroxide. The presence of calcium oxide
species can be deduced from the O 1s region, where apart from the
characteristic signal of the oxygen from silica lattice (~533.2 eV) [21],
there is also another one in the region from 531.5 up to 531.8 eV, ty-
pical of lattice oxygen in metal oxides, as in CaO species [22]. However,
one should take into account that a similar energy is reported also for
carbonates species.

XPS data confirmed the presence of niobium (V) evidenced by the
bands assigned to Nb 3ds,, at ca. 207.8 (Ca/1Ce3Nb/MCF), 208.2 (Ca/
2Ce2Nb/MCF) and 207.6 eV (Ca/3CelNb/MCF) and their corre-
sponding doublets (Fig. 2). For Ca/2Ce2Nb/MCF this band is shifted
towards higher values of binding energy, implying interaction with
cerium and formation of mixed oxide phase. It is in line with the ob-
servation of cerium niobate in the XRD pattern of this sample. More-
over, the spectrum shows two doublets revealing the minor evolution of
niobium (IV) on the surface, evidenced by the bands at lower values of
binding energy, i.e. 206.5 eV and 209.7 eV [23,24]. Coexistence of
reduced niobium (IV) and cerium oxide has been postulated in litera-
ture by several authors [25,26]. In [27] it was shown that the addition

Nb 3d
i 209.7 5080
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= 210.5
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Fig. 2. XP spectra of the calcined catalysts in the Nb 3d region.
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Fig. 3. XP spectra of the calcined catalysts in the Ce 3d region.

of niobia to ceria caused an increase in the content of Ce>*, which was
responsible for oxygen vacancies in ceria and thus charge imbalance.
Therefore, the XP spectra in the Ce 3d region were analyzed.

Cerium gave a complex series of peaks in the Ce 3d region of
875-920 eV (Fig. 3). Interpretation of the XP spectra of cerium oxide is
rather complicated as cerium occurs in two different oxidation states
causing multiple peak-set [28]. The spectra were deconvoluted into
four pairs of peaks: two doublets attributed to Ce(IV), v-u, v"-u", and the
other two assigned to Ce(III), vO-u® and v’-w’. The additional doublet of
v”-u” coming from Ce (IV) was hardly found due to the low loading of
cerium (1-3 wt%). The calculated ratio of Ce®*/(Ce>™ +Ce*™) re-
vealed that in the Ca/2Ce2Nb/MCF (0.419) there was more Ce>™ than
in the other two catalysts (0.309 for Ca/1Ce3Nb/MCF and 0.345 for
Ca/3CelNb/MCF). This indicates that mixing cerium and niobium in
the same weight ratio contributed to inclusion of niobium into cerium
oxide structure which resulted in increased participation of Ce** ba-
lanced by Nb®* and partially reduced niobium (Nb**). On the basis of
the above-mentioned data, it can be postulated that oxygen vacancies
generated in Ca/2Ce2Nb/MCF became possible coordination sites for
calcium oxide, which is reflected in the previously mentioned O 1s
spectrum, where the band assigned to the oxygen from metal oxides
indicates increased participation of this oxygen relative to the oxygen
from the silica lattice, in comparison with the two other samples Ca/
1Ce3NbMCF and Ca/3CelNb/MCF. This band is also shifted towards
higher binding energy values (from 531.5 to 531.8 eV) indicating in-
teraction with other elements.

3.4. Determination of materials basicity

The temperature-programmed desorption of CO, was applied to
investigate the basicity of the catalysts. TPD-CO, profiles show two
peaks of carbon dioxide desorption (Fig. 4). The one at ca. 675 K is
assigned to CO, desorbing from calcium oxide species, whereas the
second one at ca. 940 K is related to the decomposition of carbonate
and desorption of CO, from calcium carbonate [14]. It is known that
the form of calcium species potentially active for the transesterification
reaction is calcium oxide. The differences between the desorption
temperature of each species were insignificant indicating rather similar
strengths of basic sites. The number of basic sites was estimated on the
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Fig. 4. CO,-TPD profiles of the catalysts.

grounds of differences in area under the desorption peaks. The content
of CO, chemisorbed on calcium oxide (presented as the area under the
peak) changed in the following order Ca/1Ce3Nb/MCF (2688) > Ca/
3CelNb/MCF (2508) > (1439) Ca/2Ce2Nb/MCF, while the ratio of
the area of the signals from calcium oxide and calcium carbonate des-
cended in the order Ca/3CelNb/MCF (0.41) > Ca/1Ce3Nb/MCF
(0.25) > Ca/2Ce2Nb/MCF (0.20). The highest amount of calcium
oxide accessible for CO, was determined for Ca/1Ce3Nb/MCF and Ca/
3Ce1Nb/MCF. This is in agreement with the XRD data as the peaks from
calcium oxide were the most intense for these catalysts. Therefore, it
can be concluded that two over-mentioned materials exhibit a greater
number of basic sites than the Ca/2Ce2Nb/MCF sample.

This conclusion was confirmed by the test reaction, i.e. the cycli-
zation and dehydration of 2,5-hexanedione (Table 2). The reaction can
run along the two pathways: either catalyzed by basic sites leading to
the formation of 3-methyl-2-cyclopentenone (MCP) or by acidic sites
producing 2,5-dimethylfuran (DMF). Major formation of MCP revealed
the dominant basic properties of the catalysts. In the presence of Ca/
1Ce3Nb/MCF and Ca/3CelNb/MCF the conversion of 2,5-hexanedione
was twice greater than in the presence of Ca/2Ce2Nb/MCF (50-59%
and 25%, respectively). The two former have a definitely higher
number of basic active sites.

3.5. Transesterification of ethyl butyrate with methanol

Transesterification of ethyl butyrate with methanol was investigated
as a model reaction of biodiesel production (Fig. 5). The reaction was
carried out at 333 K for 8 h. The highest conversion was obtained for
Ca/3CelNb/MCF and Ca/1Ce3Nb/MCF, reaching ca. 49%. It is in
agreement with the XRD and TPD-CO,, data, i.e. the highest CaO/CaCO3
peak ratio (XRD) and peak area of CO, desorbed from calcium oxide
(TPD-CO,). This result also confirms that calcium oxide affects the

Table 2

Catalytic performance of the studied catalysts in 2,5-hexanedione cyclization.
Catalyst Conversion (%) MCP (%) DMF (%)
Ca/2Ce2Nb/MCF 25 29 1
Ca/1Ce3Nb/MCF 50 96 4
Ca/3CelNb/MCF 59 98 2
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Fig. 5. Conversion of transesterification of ethyl butyrate with methanol over
time (results for Ca/MCF comes from [14]).

reaction rate. To investigate the impact of dopants (cerium and nio-
bium) on the catalyst activity, the sample without transition metals
(Ca/MCF) was applied in the reaction and gave 33% of conversion after
8 h. Therefore, it is clear that niobium and cerium have a positive effect
on catalytic performance, however, this effect depends on the contents
of both metals. The same content of Nb and Ce leads to a significant
decrease in conversion, whereas otherwise the conversion increases.
The same trend was observed for the catalyst activity in the cyclization
of 2,5-hexanedione. The catalytic results are in line with XPS data
pointing out the formation of mixed oxide for the equivalent Nb and Ce
weight ratio. The system of reduced Ce and Nb creates vacant sites for
coordination with oxygen from calcium oxide, making it inactive in the
transesterification process. For the most active samples the additional
tests were also applied to screen the reproducibility and possible re-
cycling of catalysts (Fig. S-4). Contrary to the previous reports shown in
[14] in which samples were totally inactive in the next catalytic cycle,
the materials obtained in this study remain almost the same (Ca/
1Ce3Nb/MCF) or lower activity (Ca/3CelNb/MCF).

4. Conclusions

Mesocellular foam (MCF) based catalysts modified with cerium and
niobium in various weight loadings (1:3, 2:2, 3:1) as dopants and with
calcium as an active center, were prepared. The obtained catalysts were
applied in the model transesterification process, i.e. the reaction of
ethyl butyrate with methanol. The activity of calcium oxide in the
materials obtained was influenced by the content of Ce** and Ce** in
the introduced cerium species as well as the state of niobium species. In
the case of equivalent amounts of Nb and Ce, the formation of mixed
oxide (cerium niobate) was postulated. The oxygen vacant sites (de-
duced from the amount of Ce®>*) formed in such materials could co-
ordinate oxygen from CaO, which leads to much lower activity in
transesterification process. Non-equivalent weight loading of cerium
and niobium (1:3 and 3:1) resulted in an increased amount of cerium
and niobium oxides, which enhanced the basicity of material obtained.
It was reflected in the activity in the transesterification process much
higher than for the catalyst without dopants, i.e. Ca/MCF sample. A
deeper analysis of the influence of cerium-niobium interaction on the
basicity of the catalysts containing calcium species will be a subject of a
separate work.
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Characterization

N adsorption/desorption. The measurements were performed using a Micromeritics ASAP
2020 apparatus at 77 K. Before adsorption, the sample (ca. 100 mg) was outgassed at 573 K
under the vacuum (< 1.3 Pa) for 10 h. The surface area was calculated using the BET method
with 6 points of freedom, the correlation coefficient at least 0.99999. Pore volume, cells and
windows diameter were calculated according to Broekhoff-de Boer method with BJH Fass

correction.

X-ray diffraction. The measurements were performed using a Bruker AXS D8 Advance

diffractometer with Cu Ka radiation (A\=0.154 nm) and at a step of 0.05° s .

UV-vis spectroscopy. UV—vis spectra were recorded on a Varian-Cary 300 Scan UV—visible
spectrophotometer with an integrated sphere CA-301. The solid materials in the form of
powders were placed into a cell equipped with a quartz window. The spectra were recorded in
the range from 800 to 190 nm. Spectralon was used as reference material. The Kubelka-Munk

function (F(R)) was used to convert spectra.

X-ray photoelectron spectroscopy. XPS analyses were performed using an ultra-high vacuum
photoelectron spectrometer based on Phoibos 150 NAP analyzer (Specs) and allowed to
measure the state and concentration of elements on the material's surface. The operating
pressure in the chamber was close to 5x10~° mbar. The materials examined were irradiated
with a monochromatic Al Ka radiation (1486.6 eV). The binding energy was corrected to Si

2p, with the known binding energy of 103.4 eV.

Temperature programmed desorption of CO,. The temperature-programmed desorption of
CO; was carried out using a quartz tube reactor. Prior to the measurement, a sample (30 mg)
was heated at 533 K for 2 h in helium flow (40 cm® min"). Then, the carbon dioxide

adsorption was performed for 30 min. To do so the sample was purged with 10 vol.% of CO,



in He (40 cm® min ') at 323 K. After this, the sample was left in helium flow to remove
unbonded CO, at the same temperature. Desorption was performed with the temperature ramp

10 K min™ up to 1173 K. Carbon dioxide was measured by the thermal conductivity detector.
Test reactions

Cyclization and dehydration of 2,5-hexanedione. The transformation of 2,5-hexanedione
(2,5-HDN) was performed in a tubular down-flow reactor under atmospheric pressure using
nitrogen as a carrier gas. Before the reaction, the catalyst (50 mg) was activated at 673 K for 2
h under a nitrogen flow of 40 cm® min"'. Next, the temperature was decreased to 623 K and
0.5 cm® of 2,5-HDN was passed continuously into the catalysts by using a pump system (KD
Scientific). The reaction products were collected within 30 minutes of the reaction in a cold
trap (2-propanol with liquid nitrogen) and analyzed by SRI 310C chromatograph equipped

with a capillary DB-1 column (30 m) and TCD detector.

Transesterification of ethyl butyrate with methanol. Transesterification of ethyl butyrate
with methanol was performed in a liquid phase in a glass reactor using an EasyMax Work
Station. Before the reaction, the catalyst was calcined at 973 K for 4 h (temperature ramp 1 K
min_'). A mixture of ethyl butyrate (5.4688 g) and methanol (5.9325 g) was heated to 333 K
and then 64 mg of catalyst was added. The progress of the reaction (qualitative and
quantitative analysis) was monitored by a GC-MS chromatograph equipped with a DB-1
column (30 m). Moreover, for the most active catalysts the recycling tests were performed.
The catalysts were separated after reaction from the reaction mixture and new reagents were

added.
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Fig. S-1. Isotherms of the calcined catalysts.

Spherical morphology of MCF gives a high surface area with large cells (35.5 nm in

diameter) and interconnecting windows (19.6 nm in diameter) (Table 1.).

Wide pores characteristic for MCF cause capillary condensation, which is evidenced by the
presence of the hysteresis loop (Fig. S-1). For pristine MCF this hysteresis loop is of type H1,
associated with highly ordered pores with a narrow range of size distribution, while for metal-
modified materials it becomes of type H2(b), indicating a partial pore blocking that reflects in

value of window size.
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Fig. S-2. UV-vis spectra of the calcined catalysts.
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Fig. S-4. Recycling test for Ca/1Ce3Nb/MCF and Ca/3Ce1Nb/MCF materials.

The additional tests were performed to screen reproducibility of the results obtained and
possible recycling of catalysts. For that purpose a new portion of catalyst was used for
transesterification process and the reaction was performed within 2.5 h. The results showed
(red curve in Fig. S-4) that the curve overlaps that one related to full catalytic cycle (black
curve). This indicates a very high catalytic reproducibility of materials studied. Moreover,
catalysts after reaction were separated from the reaction mixture and new reagents were
added. The reaction was performed on such reused catalyst. The results obtained for this
process are shown in Figure S-4 (blue curve). It can be seen that the activity of the recycled
solid remains almost on the same level (Ce/1Ce3Nb/MCF) or decreases (Ce/3CelNb/MCF).

However, in previous study reported in [14] materials were completely inactive in the next

catalytic process.



Table S-1. The chemical composition calculated form XPS measurements.

Catalyst Ca/Si C/Si Nb/Si Ce/Si
Ca/1Ce3Nb/MCF | 0.176 0.107 0.016 0.005
Ca/2Nb2Ce/MCF | 0.251 0.135 0.008 0.006
Ca/3CelNb/MCEF | 0.183 0.275 0.009 0.009
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Herein, we report a study on the design of new palladium containing catalysts based on Ce- and Ca-Nb-meso-
cellular foam (MCF) supports for gas-phase conversion of acetone to methyl isobutyl ketone (MIBK). A com-
parison to other catalyst materials already described in the literature shows that the role of material structure
(mesostructured cellular foams, hydroxyapatite or mesoporous aluminophosphate), acid-base character of the
support, state of palladium species and the support metal dopants play important roles for the catalytic per-

formance in the conversion of acetone to MIBK. Thus, the new catalytic system Pd/Ce-MCF with 11% of con-
version and 94% of selectivity to MIBK (250 °C) is demonstrated to be more attractive in term of stability for the
reaction over time than previously described in literature for Pd/hydroxyapatite.

1. Introduction

Methyl isobutyl ketone (MIBK) is an industrially important chemical
produced from acetone, which finds common use as a solvent for lac-
quers, resins or paints. The market size of MIBK was in 2018 estimated to
USD 600 millions. In the industrial process for MIBK production, acetone
undergoes self-condensation and dehydration and the obtained product
is further hydrogenated to MIBK with hydrogen gas using palladium-
doped cation exchange resins as the catalyst [1]. The application of a
heterogeneous catalyst with bifunctional active sites can bridge the steps
of this multi-step process, where the condensation reaction may be
catalyzed by either acid or base. Various solid supports have been
investigated for such an approach, including MgO [2], CaO [3], CeO;
[4], NbyOs/SiO5 [5], zeolite HZSM-5 [6,7], Mg-Al mixed oxides [8],
hydroxyapatite (HAP) [9], and its alkali metal-ion exchanged de-
rivatives [10], active carbon [11], oxynitride aluminophosphate
(AIPON) [12], aluminophosphate (AIPO) and silicoaluminophosphate
(SAPO) [13]. Among these, Rao et al. reported CeO; to be an effective
basic support in acetone condensation which upon impregnation with
nickel led to the formation of hydrogenation sites [4]. The Ni/CeOz
catalyst with optimized nickel loading (2.5 wt%) gave 26% of acetone
conversion and 56% of selectivity to MIBK at 150 °C in a gas-phase

* Corresponding author.
** Corresponding author.

reaction and the catalyst remained active for 10 h with only slight
decrease in activity. Chen and coworkers investigated both acidic and
basic supports for palladium nanoparticles, e.g. NbyOs-SiO2, SiOo,
Aly03, Ca0-Aly03, SiO2-Alp03 and hydrotalcite in a liquid-phase reac-
tion [5]. The best catalytic activity was obtained for Pd/NbyO5-SiO2
(0.1 wt% Pd and 27.4 wt% Nb,Os) with acetone conversion of 17% and
selectivity to MIBK of 92% at 150 °C.

It is well-known that the support structure can play a crucial role for
the dispersion of active sites and reactant diffusion in heterogeneous
catalysts, and support materials with high surface area and defined
morphology are therefore typically desired [14]. Mesoporous silicas
belong to this group of materials and their porosity has previously been
found to influence catalytic performance for several reactions due to
enhanced mass transfer of 3D pore systems with interconnected cages, e.
g. mesocellular foams (MCFs) and KIT-6, compared to 2D pore systems,
e.g. SBA-15 [15-18]. However, such structure effect has not yet been
explored for the one-step MIBK formation from acetone, and we decided
therefore to exploit the use of MCF as a support material for palladium
nanoparticles for conversion of acetone to MIBK. MCF materials have a
unique structure consisting of quite large cells (20-40 nm) inter-
connected with windows that allow facile diffusion of substrate and
products [19]. Previous work on doping silica MCF has shown that CeO,
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and CaO can be sources of basicity and NboOs may act as a promoter to
increase the basicity of active sites on CaO [20,21]. Here, we therefore
studied the effect of introducing the elements Ce or Ca to MCF as main
sources of basicity necessary for the condensation reaction. Moreover,
the Ca-MCF catalyst was additionally doped with niobium which was
proven to enhance catalytic performance when combined with calcium.
Both catalysts were impregnated with palladium as an active site for the
final hydrogenation step in MIBK production. As a result, MCF doped
with cerium or calcium and niobium were synthesized and applied as
supports for palladium nanoparticles and the resulting Pd/Ce-MCF and
Pd/Ca-Nb-MCF materials investigated as catalysts for the reductive
condensation of acetone to produce MIBK (Scheme 1). Additionally,
HAP and mesoporous aluminophosphate oxynitride (MAPN) modified
with palladium served as reference catalysts, since those supports have
been already reported in literature to be active for the MIBK formation
[9,12]. In literature, Pd/HAP converted 17% of acetone with 66% of
selectivity to MIBK at 150 °C [9], whereas Ni/MAPN yielded 80% of
selectivity to MIBK with 7% of conversion at 200 °C [12].

2. Experimental
2.1. Syntheses

2.1.1. Mesocellular foam (MCF)

Pluronic P123 (16 g, Sigma Aldrich) was dissolved in 600 g of 0.7 M
aqueous solution of hydrochloric acid at 33 °C, where after 1,3,5-trime-
thylbenzene (16 g, Sigma Aldrich) and ammonium fluoride (0.187 g,
Sigma Aldrich) were added. After 1 h of stirring, tetraethyl orthosilicate
(TEOS, 34.11 g, Sigma Aldrich) was added dropwise and the mixture
stirred continuously at 33 °C for additional 20 h. Next, the mixture was
placed in an oven at 100 °C for 24 h under static conditions, washed with
water and then dried at 60 °C for 12 h. Finally, the template was
removed by calcination at 500 °C for 8 h to obtain MCF. The MCF
product was obtained with a yield of 97%.

2.1.2. MCF doped with calcium and niobium (Ca-Nb-MCF) or cerium (Ce-
MCF)

Calcium and niobium doped MCF was prepared by stepwise wetness
impregnation of MCF using firstly an aqueous solution of ammonium
niobate(V) oxalate hydrate (Sigma Aldrich, assumed 2 wt% of Nb
loading) and secondly using an aqueous solution of calcium acetate
monohydrate (Sigma Aldrich, assumed 20 wt% of Ca loading). The
material was calcined at 500 °C for 5 h after impregnation with niobium
and again at 700 °C for 5 h after impregnation with calcium.

Cerium doped MCF was done by impregnation of MCF with an
aqueous solution of cerium (III) nitrate hexahydrate (Sigma Aldrich,
assumed 20 wt% of Ce loading) followed by calcination at 500 °C for 5 h.

2.1.3. Hydroxyapatite (HAP), Cas(PO4)3(OH)

Hydroxyapatite was synthesized based on a literature procedure
[22]. Calcium nitrate tetrahydrate (23.497 g, Sigma Aldrich) was dis-
solved in 166 mL of water, where after a solution of ammonium
hydrogenphosphate (7.884 g in 149 mL of water) was added dropwise.
The mixture was stirred at room temperature for 24 h keeping the pH at
~9.5 with addition of ammonia solution (25% solution). Finally, the
obtained white precipitate was filtered, dried and calcined at 600 °C for
5 h. The HAP product was obtained with a yield of 91%.
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2.1.4. Mesoporous aluminophosphate (MAP) and MAP oxynitride
(MAPN)

MAP was prepared by dissolving Pluronic P123 (10 g, Sigma Aldrich)
in 220 mL of ethanol followed by sequential addition of anhydrous
aluminum chloride (6.670 g, Sigma Aldrich) and 3.4 mL of phosphoric
acid (85 wt%) and continued stirring for 2.5 h. Afterwards, the mixture
was slowly oven dried at 40 °C for 4 h and subsequently at 80 °C until
complete evaporation of ethanol. Finally, the solid was calcined at
550 °C for 10 h. The MAP product was obtained with a yield of 99%.

MAPN was prepared by treating the as-prepared MAP in a fixed-bed
quartz reactor with pure ammonia gas flow at 800 °C for 24 h followed
by cooling down in argon flow.

2.1.5. Palladium loaded catalysts

The prepared support materials were modified with palladium by
incipient wetness impregnation for efficient loading of nominal palla-
dium percentage [23,24]. The catalysts were impregnated with 3 wt% of
palladium using aqueous solution of palladium (II) nitrate dihydrate
(Sigma Aldrich) followed by drying and calcination at 550 °C for 4 h.

2.2. Characterization

Nitrogen adsorption/desorption isotherms were obtained using a
Micromeritics ASAP 2020 apparatus at —196 °C after outgassing sam-
ples at 200 °C under vacuum. The surface area was determined by the
BET method, pore parameters by the Broekhoff-de Boer method with
BJH Fass correction (MCF), BJH method with Kruk-Jaroniec-Sayaroi
correction (HAP) or DFT method with cylinder geometry (MAP, MAPN).

X-ray powder diffraction (XRD) was performed on a HuberG670
powder diffractometer using Cu Ko radiation within a 20 range of
20-80° in steps of 0.005°.

X-ray photoelectron (XPS) spectra for Pd/Ca—Nb-MCF and Pd/Ce-
MCF were collected on an ultra-high vacuum photoelectron spectrom-
eter based on Phoibos 150 NAP analyzer (Specs, Germany). The analysis
chamber was operated under vacuum with a pressure close to 5:10°
mbar and the sample was irradiated with a monochromatic Al Ka
(1486.6 eV) radiation (15 kV; 10 mA). Binding energies were corrected
by setting the Si 1s peak at 103.4 eV.

XPS for Pd/HAP and Pd/MAPN were recorded on a Thermo Scientific
K-Alpha system using Al Ka radiation (1484.6 eV) operating at the
pressure of min. 8-10~7 mbar. Binding energies were referenced to the
Cls peak from the carbon surface deposit at 284.6 eV.

Temperature-programmed desorption of carbon dioxide (CO,-TPD)
was performed on Micromeritics Autochem II RS232 equipment. The
sample (100 mg) was preheated at 550 °C (10 °C min ') in helium flow
(25 cm?® min’l) for 1 h and the reactor cooled to 45 °C. Adsorption was
then performed by passing CO; (15 cm® min™1) diluted in helium (25
em® min~?) through the sample for 20 min followed by flushing with
helium flow for 1 h. Thermal desorption of CO, was then recorded up to
550 °C with a thermal conductivity detector (TCD) every 1s using a
heating ramp of 10 °C min .

Transmission electron microscopy (TEM) images of powdered sam-
ples of Pd/Ce-MCF and Pd/HAP was recorded by a FEI Tecnai T20 mi-
croscope operating at 200 kV and on a Hitachi HT7700 microscope
operating at 100 kV, respectively.

Scanning electron microscopy (SEM) image was carried out with a
Quanta 250 FEG, FEI microscope operating at 10 kV.

Jain O e At O

Acetone Diacetone alcohol (DAA)

Mesityl oxide (MO) Methyl isobutyl ketone (MIBK)

Scheme 1. Synthesis of methyl isobutyl ketone from acetone.
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2.3. Catalysis

2.3.1. Conversion of acetone to methyl isobutyl ketone (MIBK)

The catalytic conversion of acetone to MIBK was performed in gas-
phase using a customized continuous-flow fixed-bed reactor setup
described in detail elsewhere [7]. Pelletized catalyst (100 mg, grain size
180-355 pm) was positioned in a tubular quartz reactor (inner diameter
5 mm) and activated at 350 °C in a flow of hydrogen gas (50 cm® min~1).
Next the reactor was cooled to 150 °C and liquid acetone pumped (0.05
em® min~?1), evaporated and mixed with pure hydrogen gas (50 cm®
min~!) into the reactor at ambient pressure. The reaction was carried
out in the temperature interval 150-300 °C after keeping set tempera-
tures for 1 h. Catalyst stability test was performed at 250 °C for 24 h. The
gaseous reaction products were identified by GC-MS analysis and
quantified by online GC-FID analysis (DB-1 column, 50 m x 0.32 mm x
0.52 pm).

2.3.2. Cyclisation and dehydration of 2,5-hexanedione (2,5-HDN)

The transformation of 2,5-hexanedione was conducted in a tubular
fixed-bed down-flow reactor under atmospheric pressure using nitrogen
as a carrier gas. The catalyst (50 mg) was activated at 350 °C for 2 h
under nitrogen flow (50 cm?® min’l), and the reaction carried out at
350 °C by injecting 0.5 cm® of 2,5-HDN over 30 min into the catalyst by
using a pump system (KD Scientific). The gaseous reaction products
were analyzed by a SRI 310C chromatograph equipped with a capillary
DB-1 column (30 m) and TCD detector.

3. Results and discussion
3.1. Textural and structural properties

The successful synthesis of MCF was confirmed by SEM (Fig. S1) and
nitrogen physisorption (Fig. S2), where mesoporous character of the
support was evidenced by the isotherms of type IV(a) with hysteresis
loop of IUPAC type H1 [25]. Modification of the MCF support with
calcium and niobium (22 wt% in total) or cerium (20 wt%), led to a
significant decrease in the surface area from 716 m? g~! for the parent
material to 276 m? g~! for Ca-Nb-MCF and 487 m? g~ for Ce-MCF,
respectively (Table 1). Although the pore volume, cell and window pa-
rameters decreased after the introduction of metals (Nb and Ca or Ce)
implying at least partial pore blockage, the structure of the materials
maintained mesoporous. Likewise, the pore volumes also slightly
decreased after impregnation with palladium.

Table 1
Textural parameters of supports and catalysts.
Material BET surface area Pore diameter (nm) Pore volume
2 1 3 -1
m>g ) Adsorption  Desorption (em™g )
MCF* 716 24.3 15.7 2.17
Ca-Nb- 276 22.9 11.1 1.03
MCF"
Pd/Ca-Nb- 206 21.9 12.8 0.87
MCF"
Ce-MCF* 487 22.4 15.6 1.58
Pd/Ce-MCF" 493 21.7 12.3 1.31
HAP® 61 30.6 - 0.38
Pd/HAP” 58 31.2 - 0.37
MAP® 274 11.8 - 0.46
MAPN® 125 11.8 - 0.26
Pd/MAPN*® 119 10.1 - 0.23

2 Pore volume and cell diameter determined from adsorption branches of Ny
isotherms. Window diameter determined from desorption branches of N, iso-
therms by BdB-Fass method.

b Pore volume and diameter determined from adsorption branches of N iso-
therms by BJH method with Kruk-Jaroniec-Sayaroi correction.

¢ Pore volume and diameter determined from adsorption branches of N, iso-
therms by DFT method.
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The hierarchical, hexagonal mesoporous structure of alumi-
nophosphate (MAP) was confirmed by the isotherm of type IV(a) char-
acteristic for materials with mesopores wider than 4 nm and hysteresis
loop of type H1 indicating a narrow range of uniform pores. To increase
the initial basicity, the MAP support was further modified by oxy-
nitridation at high temperature (800 °C) by a flow of ammonia to obtain
MAPN, which resulted in a decrease of surface area from 274 to 125 m?
g’1 (Table 1). According to literature, 800 °C is an optimal temperature
to effectively incorporate nitrogen into the aluminophosphate structure
[26-28]. For traditional AIPO this is not accompanied by a decrease in
surface area [26,29,30], while this has been noted before for MAP [31].
This was also confirmed when the MAP support was heated to 800 °C
and the surface area was reduced to 205 m? g~!. Finally, the introduc-
tion of palladium (3 wt%) did not induce significant changes in the
textural parameters of MAPN.

The structure of the second reference material, hydroxyapatite
(HAP) was identified by XRD revealing typical signals for its crystalline
phase (Fig. S3) and exhibited ca. 60 m? g’1 of surface area and ca. 0.4
em® g1 of pore volume (Table 1). In the nitrogen physisorption iso-
therms, the hysteresis loop (Fig. S2) was shifted to higher po/p values
than for MAP indicating the presence of large mesopores, probably
originating from intraparticle voids. Also confirmed by the XRD mea-
surements, the impregnation of palladium did not alter the HAP struc-
ture (Fig. S3).

3.2. Crystalline metal species

The MCF support consisted of amorphous silica and did therefore not
give any diffraction peaks in the XRD pattern (Fig. S3). Oppositely, Ce-
MCEF gave after calcination at 500 °C a diffraction pattern corresponding
to CeO4 (28.6° (111), 33.1° (200), 47.6° (220), 56.3° (311), 59.2° (222),
69.5° (400), 76.8° (331), 79.1° (420), PDF: 00-004-0593) with a
calculated particle diameter of 8 nm for the (111) peak using the
Scherrer equation [32]. Further impregnation with palladium (calcina-
tion at 550 °C) did not provide new, clear diffraction peaks. However,
peaks from PdO overlaps with the peak from the (200) crystal plane of
CeO3 (33.1°) and indeed the shoulder of that peak was broadened for
Pd/Ce-MCF which could indicate presence of PdO. The incorporation of
niobium and calcium into MCF (Ca-Nb-MCF) resulted in predominant
formation of calcium oxide (32.2° (111), 37.4° (200), 54.0° (202), 64.3°
(311), 67.5° (222), PDF: 00-043-1001), calcium hydroxide (34.2° (101),
50.9° (110), PDF: 00-044-1481) and calcium carbonate (29.4° (104),
47.3° (102), PDF: 00-005-0586) after calcination at 700 °C. However,
after subsequent impregnation with palladium and calcination at 550 °C
only signals from calcium carbonate remained, though the presence of
PdO species cannot be excluded if highly dispersed on the surface of the
support. Likewise, the original Ca crystalline phases or the PdO phase
were not regained when Pd/Ca-Nb-MCF was re-calcined at 700 °C.

The XRD patterns of the reference samples showed a characteristic
diffraction pattern of the PdO phase (most intense peak at 33.7° (101),
PDF: 00-041-1107) for Pd/MAPN while the MAPN was amorphous. On
the other hand, the intense diffraction signals originating from the HAP
matrix prevented the detection of Pd species by the technique for the Pd/
HAP catalyst.

3.3. The state of metal species

XPS was applied to get more insight into the oxidation states of the
supported metals in the catalysts. The spectrum of the Pd/Ca-Nb-MCF
catalyst (Fig. S4, Table 2) showed symmetric peaks corresponding to
palladium oxide (Pd 3ds/; at 342.5 eV and Pd 3ds,; at 337.3 eV)
[33-35]. Moreover, the Nb 3d3/; and Nb 3ds /5 bands at 211.0 and 208.3
eV (Table 2), respectively, indicated the presence of Nb(V). It should be
noted that the binding energy observed for Nb had much higher value
than typical of niobium(V) oxide, which can be explained by strong
metal-support interaction as previously described in literature [36]. This
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Table 2
XPS band positions of the Pd-catalysts in the Pd 3d region.

Catalyst Pd 3ds,> (eV) Pd 3ds,, (eV)

Pd/Ca-Nb-MCF 337.3 342.5
Pd/Ce-MCF 335.7 337.6 341.0 343.6
Pd/HAP 335.6 336.5 341.0 342.0
Pd/MAPN 335.7 336.9 341.2 342.1

shift has been already documented for niobium loaded onto MCF [20,
37]. Moreover, the same phenomenon was observed for Nb-MCF ma-
terials doped additionally with calcium [21,38]. The strong
metal-support interactions could originate from incorporation of
niobium into the structure during the impregnation resulting in the
formation of Nb(V)-O- Si bonding [20,36,39]. The region of Ca 2p
(Fig. S4) indicated the presence of 2p doublet with the Ca 2p3/, at 347.9
eV typical for the presence of calcium in the form of oxide, carbonate or
hydroxide species [40-42]. Notably, all of these species were identified
by XRD before incorporation of Pd on the Ca-Nb-MCF support. How-
ever, after palladium loading only carbonate species were determined in
the XRD pattern, suggesting that the XPS signal was correlated with
calcium carbonate species.

The XPS spectrum of Pd/Ce-MCF differed from the spectrum of the
Pd/Ca-Nb-MCF material (Fig. S4) as two doublets were observed in the
Pd 3d region with Pd 3ds/» at 335.7 and 337.6 eV and Pd 3ds/» at 341.0
and 343.6 eV (Table 2). The signals at 335.7 and 341.0 eV indicated the
existence of metallic palladium species on the Ce-MCF support, even
though the former value was higher than typically observed for Pd(0).
Nevertheless, similar values of binding energy were assigned in litera-
ture to metallic palladium species [43,44]. The other two peaks were
assigned to PdO, which is in agreement with the XRD data. The majority
(70%) of palladium was in the form of Pd(0). The XPS data related to
cerium were also analyzed (Fig. S4). The coexistence of two different
cerium oxidation states resulted in a complex XPS spectrum. In litera-
ture, it is commonly deconvoluted into five pairs of peaks: three coming
from Ce(IV) (v-u, v’’-u’’, v’’-u’”’) and two from Ce(III) (vo-uo, v-u’)
[44-46], however, in some studies the Ce(III) doublet vO-u® is not
distinguished [47-49]. It was here found difficult to extract the vou°
doublet in the spectrum of Pd/Ce-MCF, which led to the assumption that
Ce(III) species had an insignificant contribution and Ce(IV) species were
in the vast majority. Accordingly, the signal in the range from 870 to
925 eV was deconvoluted into three doublets ascribed to Ce(IV), i.e. v-u
(882.2-902.2 eV), v’’-u”’ (889.4-910.4 eV) and v’’’-u’’’ (898.3-916.5
eV) and one to Ce(IIl), i.e. v’-u’ (885.3-906.8 eV).

For the Pd/HAP reference material, the XPS spectrum was similar to
the Pd/Ce-MCF material showing bands with Pd 3ds,» at 335.6 and
336.5 eV (Fig. S4, Table 2) related to metallic palladium (75%) and
palladium oxide (25%) species. In contrast, the dominant form (67%) of
palladium in Pd/MAPN was identified as palladium oxide giving the
band at 336.9 eV whereas Pd(0) was detected at 335.7 eV of Pd 3ds,,
(Table 2). The major presence of PdO in Pd/MAPN is in agreement with
the XRD data obtained for this material.

3.4. Catalyst basicity

The basicity of the materials was evaluated by CO2-TPD measure-
ments. The corresponding COy desorption profile of each catalyst is
presented in Fig. 1 and the calculated basic sites are compiled in Table 3.
Both of the MCF supports modified with Ce or Ca-Nb showed similar
basicity (rather week) as demonstrated by the same temperature of COy
desorption (i.e. 93 °C). However, for the Ce-MCF material two addi-
tional desorption peaks were observed at 284 and 416 °C corresponding
to medium and high strength basic sites, respectively, which is in
agreement with literature data related to CeO4 [4]. These two additional
peaks seemed to disappear after modification with palladium, however,
simultaneously the intensity of the desorption peak around 93 °C
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Fig. 1. CO,-TPD profiles of supports and Pd-catalysts.
Table 3

CO,-TPD data combined with activity of Pd-catalysts for MIBK formation.

Catalyst Yield of MIBK (%) Desorbed CO, (mmol ggt -107%)
Pd/Ca—Nb-MCF 10.2 3.36
Pd/Ce-MCF 27.2 2.02
Pd/HAP 29.9 3.79
Pd/MAPN 7.5 2.90

2 Reaction conditions: Acetone (0.05 cm® min 1), hydrogen (50 cm® min™1),
ambient pressure, 300 °C.

increased. A similar increase in intensity was observed after incorpo-
ration of palladium in the Ca-Nb-MCF support.

The basicity of the reference materials differed from those based on
MCF. Unmodified MAP exhibited very low basicity (Fig. 1), while the
oxynitride material MAPN (as expected) gave a strong basicity desorp-
tion peak that could be deconvoluted into three peaks at 137, 215 and
313 °Crelated to various basic sites, respectively. The latter peaks at 215
and 313 °C moved to lower temperatures (185 and 280 °C) after
incorporation of palladium, which likely indicated a decrease in the
basic strength of these sites. The second reference material HAP showed
similar strength of the basic sites as the MCF-based supports, however,
the number of basic sites were higher. Nevertheless, for Pd/HAP, in
contrast to the MCF catalysts, the desorption peak was shifted towards
higher temperature (121 °C) after palladium impregnation suggesting
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that the basic sites were stronger after palladium incorporation.

3.5. Catalyst performance

The catalytic performance of the modified palladium catalysts was
examined for gas phase conversion of acetone to MIBK at four different
temperatures (150, 200, 250 and 300 °C) and the obtained results are
presented in Fig. 2. For the Pd/Ca-Nb-MCF catalyst, the acetone con-
version gradually increased with increasing temperature (as expected)
reaching the highest conversion of 10.9% at 300 °C and high selectivity
of 94-100% to MIBK were obtained at all temperatures. Formation of
diisobutyl ketone (DIBK) by consecutive condensation of acetone with
MIBK was a minor byproduct. In comparison, the Pd/Ce-MCF catalyst
exhibited much higher activity than Pd/Ca-Nb-MCF providing an
acetone conversion of 31.6% at 300 °C, while maintaining a high MIBK
selectivity of 86%. DIBK formed also here as the major byproduct (13%
at 300 °C).

The Pd/HAP reference catalyst was confirmed to be an efficient
catalyst for acetone condensation as also reported in literature [9,10],
giving high acetone conversion at 250 °C (30.3%) with a high selectivity
to MIBK (87%). Like for the Pd/Ce-MCF catalyst, DIBK formation was
also here observed (selectivity 13%). However, in contrast to the latter
catalyst did the activity of the Pd/HAP catalyst only increase moderately
at higher temperature of 300 °C. For both of the catalysts did the
selectivity to MIBK generally decrease with acetone conversion as shown
in Fig. S5.

For the Pd/MAPN catalyst was the reaction selectivity markedly
different as the main product (>90% selectivity) was diisopropyl ether
(DIPE) at lower temperatures and isopropyl alcohol (IPA) at higher
temperature. The desired product MIBK only started forming at 300 °C
and with a low selectivity of 26%. Ether formation is known to take
place on acidic sites [50,51] while IPA forms on metallic sites [52],
suggesting that more acidic than basic sites were present in the
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oxynitride catalyst where P-OH groups are supposed to be converted to
P-NH; [26]. To confirm this hypothesis, 2,5-hexanedione cyclisation
and dehydration was performed as a test reaction, where 2,5-dimethyl-
furan (DMF) forms over acidic sites and 3-methyl-2-cyclopentenone
(MCP) over basic sites [53]. In the test reaction, 12% of the 2,5-hexane-
dione was converted with high product selectivity to DMF (66%)
(Table S1) implying major contribution of acidic sites in the Pd/MAPN
catalyst. In contrary, the base-catalyzed product, MCP, was mainly
formed (99%) over other catalysts which were also highly selective to
MIBK (Pd/Ca-Nb-MCF, Pd/Ce-MCF and Pd/HAP).

Notably, the best catalyst supports (HAP, Ca-Nb-MCF and Ce-MCF)
provided without incorporated palladium mesityl oxide (MO) as the
main product and only low selectivity towards MIBK formation (around
10%) (Fig. S6). Thus, it was obvious that the addition of palladium
nanoparticles was crucial for MIBK formation with the catalysts.
Moreover, the best catalytic performance was observed for the samples
were the dominant form of palladium was Pd(0) according to the XPS
data, i.e. Pd/Ce-MCF and Pd/HAP. However, it was also apparent that
there was no direct correlation between catalyst selectivity to MIBK and
basicity of the catalyst estimated by the CO2-TPD method (Table 3).
Such correlation was found, for instance, in case of CeO, modified with
Ni [4]. Hence, possibly not all basic sites measured by the CO adsorp-
tion took part in the transformation of acetone. Nevertheless, the higher
number of basic sites in Pd/Ca-Nb-MCF than Pd/Ce-MCF estimated by
the CO2-TPD technique was reflected by the increase in activity in 2,
5-hexanedione cyclisation (14 vs 9% of conversion, Table S1). Inter-
estingly, the conversion of acetone with Ca—Nb-MCF support was similar
to the conversion with Ce-MCF and HAP supports, while the activity of
Pd/Ce-MCF and Pd/HAP after modification with palladium was notably
better than Pd/Ca-Nb-MCF especially at high temperature. However, for
MIBK formation both basic and hydrogenation active sites are necessary.
According to the XPS data the superior catalysts exhibited partially
reduced palladium which facilitated the high yield of MIBK.
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Fig. 2. Catalytic performance of Pd-catalysts in the conversion of acetone to MIBK (IPA: isopropyl alcohol, DIBK: diisobutyl ketone, DIPE: diisopropyl ether). Re-
action conditions: acetone (0.05 cm® min™1), hydrogen (50 cm® min~1), ambient pressure.
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3.6. Catalyst stability

Pd/HAP and Pd/Ce-MCF were found to be the most active catalysts
of the studied materials at higher temperature, and their durability were
therefore tested in longer termed continuous reactions of 24 h. The re-
sults are presented in Fig. 3. The literature does not provide data of long
term stability of HAP catalysts in the acetone condensation reaction,
however, it was shown that the conversion of acetone continuously
decreased during 3 h of reaction time [9]. In line with this, the activity of
the Pd/HAP catalyst was also here found to drastically decrease within
the first 3 h of reaction and the catalyst had after 24 h of reaction lost ca.
70% of its initial activity (decrease in conversion from ca. 27 to 8%).
Nevertheless, the selectivity remained high throughout the reaction
even with a noticeable enhancement of the selectivity to MIBK. The
acetone conversion with the Pd/Ce-MCF catalyst was initially somewhat
lower than the conversion with Pd/HAP (11% vs. 27%), however, the
catalyst remained highly stable during the 24 h of continuous reaction
with essentially unchanged performance. The difference in the stability
of the active samples studied in this work may be related to the more
open structure of the MCF support allowing a possibly better separation
of active sites. Furthermore, the mesoporous structure could contribute
to the dispersion of active sites which, based on the TEM images, seemed
to be better in as-synthesized Pd/Ce-MCF than in Pd/HAP (Fig. S7).

Elemental analysis of the catalysts after the stability test showed that
more coke was deposited on Pd/Ce-MCF (3.4% carbon) than on Pd/HAP
(0.3% carbon). Moreover, the textural properties of the spent catalysts
differed from the as-synthesized samples (Table S2) as the BET surface
areas was decreased by 25% for Pd/Ce-MCF and by 17% for Pd/HAP. A
similar trend was also observed for the pore volumes, which were
reduced by 30 and 22% for Pd/Ce-MCF and Pd/HAP, respectively, due
to the deposited carbon species. Despite the Pd/Ce-MCF catalyst con-
tained more residues formed during the reaction likely partially block-
ing the pores, the catalyst still performed better than Pd/HAP due to the
high surface area and larger pores of the MCF structure allowing an
efficient flux of reagents. Accordingly, the Pd/Ce-MCF catalyst was a
durable and attractive alternative compared to Pd/HAP, which deacti-
vated rapidly over time.

4. Conclusion

New palladium containing catalysts based on Ce-MCF and Ca-Nb-
MCF supports were prepared and characterized. The incorporation of
metal dopants in the support decreased the surface area as well as pore
diameter of the supports, however the mesoporous structures of the
foams were maintained. Additional incorporation of palladium in small
amount influenced the structure parameters and different forms of
palladium were obtained in the final materials. Hence, the majority of
metallic palladium species (similar as for Pd/HAP) were detected in Pd/
Ce-MCF, whereas PdO species were determined in the case of Pd/Ca-Nb-
MCEF (similar as for PA/MAPN). The state of palladium species as well as
basicity of the materials strongly influenced the catalytic performance of
the resulting catalysts in the gas-phase conversion of acetone to MIBK. A
reference Pd/HAP catalyst showed the best initial catalytic perfor-
mance, but its activity rapidly decreased over time during reaction. In
contrary, the catalyst based on the Ce-MCF support maintained its initial
activity and selectivity during the reaction for at least 24 h proving Pd/
Ce-MCF to be the most attractive catalyst for the abovementioned pro-
cess. More detailed understanding of the Pd/Ce-MCF stability will be
objective for future research.
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Fig. S2. Nitrogen adsorption/desorption isotherms of supports and Pd-catalysts.
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Fig. S7. TEM images of the as-synthesized Pd/Ce-MCF (left) and Pd/HAP (right) catalysts.



Table S1. Cyclization and dehydration of 2,5-hexanedione.”

Catalyst Conversion (%) Selectivity (%)°
MCP DMF
Pd/Ce-MCF 9 99 1
Pd/Ca-Nb-MCF 14 99 1
Pd/HAP 6 100 0
Pd/MAPN 12 34 66

“Reaction conditions: 2,5-Hexanedione (0.5 cm® min™), catalyst (50 mg), ambient pressure,

350 °C. " DMF: 2,5-dimethylfuran, MCP: 3-methyl-2-cyclopentenone.

Table S2. Textural parameters of spent catalysts after the stability test.

Catalyst BET surface area (m” g") Pore volume (cm’ g™)

Pd/Ce-MCF 370 0.92
Pd/HAP 48 0.29
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Copper Supported on Ceria Mesocellular Foam Silica as an
Effective Catalyst for Reductive Condensation of Acetone

to Methyl Isobutyl Ketone

Kalina Grzelak,” Maciej Trejda,* and Anders Riisager*"

Copper-containing materials based on Ce- and Ca-Nb-mesocel-
lular foam (MCF) silica supports are prepared, characterized and
applied as catalysts for gas-phase reductive condensation of
acetone to produce methyl isobutyl ketone (MIBK). The proper-
ties of the materials, the interaction of metal species, and their
role in the catalytic process are examined by nitrogen
physisorption, XRD, XPS, CO,-TPD, H,-TPR, and chemisorption of
NO and pyridinecombined with FTIR spectroscopy. A syner-

Introduction

Many industrial processes apply liquid alkaline media for
catalytic condensation reactions, such as aldol condensations."
However, solid basic catalysts have become attractive alter-
natives because such materials are noncorrosive and easily
separated from the reaction mixture. The industrial production
of methyl isobutyl ketone (MIBK) from acetone is a multistep
process (Scheme 1). In the first two steps, acetone undergoes
condensation and dehydration to mesityl oxide under alkaline
(or acidic)conditions, whereas the latter is reduced with
hydrogen to MIBK over metallic sites in a final step.

Many different supports have been applied as catalysts for
the two first steps in the MIBK production, whereas the
preferred metals chosen for the hydrogenation step have been
noble metals, such as Pd,?>™ Pt and Rh.'"® Noble metals
are known to be efficient in hydrogenation reactions, however,
their high cost has stimulated the search for cheaper alter-
natives, such as Ni*'*?% and Cu.*¥'-24

For gas-phase MIBK production, Waters et al.”’ compared
various metal/carbon catalysts for the hydrogenation step and
ordered the catalytic performance of the metals in the
sequence Pt>Pd>Ni>Cu. The Cu catalyst produced most
coke of the examined catalysts and only high loading of Ni
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gistic interaction of Cu®*, Cu° and CeO, species incorporated in
the MCF support enable the Cu/Ce-MCF catalyst to yield 34 % of
acetone conversion with over 90% MIBK selectivity at 250 °C.
Moreover, this high catalyst selectivity is maintained during
operation for 24 h despite a decline in catalyst activity. The
catalytic performance issuperior to that of hydroxyapatite-
supported Cu and similar previously reported Pd-containing
catalysts.

AN Y

Diacetone alcohol (DAA) Mesity! oxide (MO) Methy! isobutyl ketone (MIBK)

W

Isopropyl alcohol (IPA)

>:

Acetone

Scheme 1. Reaction pathways for methyl isobutyl ketone (MIBK) and
isopropyl alcohol (IPA) formation from acetone.

yielded similar catalytic performance as the most active Pt
catalyst with low metal loading. Recently, Cu has been
frequently chosen as a metal for carbon-oxygen hydrogenation.
Although it is documented to be effective in hydrogenation of
such compounds as dimethyl oxalate, methyl acetate, furfural
or CO, to alcohols, its application is still challenging, owing to
the catalyst instability and quick deactivation.”” Strategies to
extend Cu catalyst lifetime include doping with another metal
and loading on a high-surface area material to prevent particle
agglomeration. Dong et al. reported that In doping to Cu/SBA-
15 enhanced its activity in the selective hydrogenation of acetic
acid to ethanol.”® In another work,”” Chen et al. presented a
catalytic system of Cu and La loaded on SBA-15which was

highly selective and active for CO, hydrogenation to methanol,
which was not the case for the monometallic Cu counterpart.
Moreover, the catalyst with optimized La loading was stable for
four times as long time on stream as the Cu/SBA-15 catalyst.
Additionally, Torres et al.”? used mixed copper oxide catalysts
based on Mg, Al and Ce for obtaining MIBK through catalytic
transfer hydrogenation with 2-propanol. The MIBK formation
rates were found to be highest over CuCeO, and CuMgAIO,,
and it was established that at least 2 wt.% Cu loading was
required for efficient catalytic performance. The positive effect
of coexistence of Cu and ceria on catalytic performance has
been well recognized,” especially for redox reactions where
electron interaction between the components has been

© 2022 Wiley-VCH GmbH
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reported to improve catalytic activity.”>" For example, when
ceria and silica were compared as supports for CO and CO,
hydrogenation to methanol,® an enhanced product selectivity
for Cu/CeO, compared to Cu/SiO, was explained by a higher
dispersion of Cu over ceria caused by metal-support interac-
tions.

Recently, we reported high stability and selectivity, but
moderate activity, of Pd/Ce-MCF (mesocellular foam) catalysts
for the gas-phase reductive condensation of acetone to MIBK.>*
In this work we have extended the study by substitutingthe
noble metal Pd with the cheaper metal Cu in Ce-MCF catalysts
to explore the possible superior catalytic properties with the
combination of Cu and ceria. The new Cu/Ce-MCF catalysts
were characterized by multiple techniques to corroborate
synergistic properties between Cu and ceria, and the catalytic
performance compared to an analogous Cu/Ca—Nb-MCF cata-
lyst.

Results and Discussion
Textural and structural properties of catalysts

The textural properties of mesoporous Ca—Nb-MCF and Ce-MCF
supports, as well as mesoporous aluminophosphate oxynitride
(MAPN), aluminophosphate (MAP), and hydroxyapatite (HAP)
were determined by nitrogen physisorption in our previous
work.®?¥! After impregnation of the mesoporous supports with
copper species, all of theresulting materials Cu/Ca-Nb-MCF,

Cu/Ce-MCF and Cu/MAPN maintained their mesoporous charac-
ter with typical nitrogen isotherms of type IVa with H1
hysteresis loops (see the Supporting Information, Figure S1).
The modification with Cu led to some decrease in surface area
and pore volume for Cu/Ca—Nb-MCF and Cu/Ce-MCF compared
to the pristine MCF supports, but they remained still relatively
high at 206 and 464m?’g™' and 091 and 143 cm?g’,
respectively (Table 1). Notably, the surface area of Cu/MAPN
was about 2-4.5times lower than that of the Cu-containing

MCF materials, however, these changes resulted mainly from

Table 1. Textural parameters of the supports and catalysts.

Material BET area Pore diameter [nm] Pore vol.
m?g"1 Adsorption Desorption  [cm?g ']
Ca—Nb-MCF@I33 276 229 11.1 1.03
Cu/Ca—Nb-MCF® 206 224 12.8 091
Ce-MCFEIE3 487 224 15.6 1.58
Cu/Ce-MCF™? 464 23.2 14.1 143
HAP®IE3! 61 306 - 038
Cu/HAP®! 52 47.8 - 037
MAPE3] 275 11.8 - 046
MAPNEIE3! 125 11.8 - 0.26
Cu/MAPNY 107 10.1 - 0.22

[a] Pore volume and cell diameter were determined from adsorption
branches of N, isotherms. Window diameter determined from desorption
branches of N, isotherms by BdB-Fass method. [b] Pore volume and
diameter determined from adsorption branches of N, isotherms by BJH
method with Kruk-Jaroniec-Sayaroi correction. [c] Pore volume and
diameter determined from adsorption branches of N, isotherms by DFT.
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the oxynitridation process of the pristine MAP support and to a
minor extent from the introduction of the copper species
(Table 1).

The HAP support had the smallest surface area (61 m?*g™")
of the applied supports and after Cu impregnation the resulting
material Cu/HAP had even lower surface area, but practically
unchanged porevolume(Table 1) and unchanged crystalline
HAPstructure as shown by XRD (Figure S2). A more detailed
examination of the nitrogen isotherms of Cu/HAP (Figure S1)
revealed a hysteresis loop at high relative pressure p/p,
indicating presence of large mesopores or macropores probably
originating from intraparticle voids. Combined this suggests
that the copper species were located mainly on the surface of
the support and not inside the pores of the Cu/HAP material.

State of metal species in catalysts

The XRD pattern of Cu/Ce-MCF (Figure 1) exhibited reflections
at 35.5 and 38.7° assignable toCuO crystallites ®'*** with an
average size of 7 nm calculated by the Scherrer equation.
Likewise, for Cu/HAP the presence of CuO was evident by the
reflection at 38.7° (Figure S2), whereas other reflections was
probably overlapped with reflections from the HAP support. In
contrast, no reflections from crystalline copper species were
found in the XRD diffractograms of Cu/Ca—Nb-MCF (Figure 1)
and Cu/MAPN (Figure S2), suggesting that the copper species in
thesesamples were either very small and well dispersed or
amorphous.

X-ray photoelectron spectroscopy (XPS) of Cu/Ca-Nb-MCF
(Figure 2) revealed an intense Cu2ps, signal typical of Cu®* at
935.0 eV with characteristic satellites at around 943.5eV.
However, the binding energy (BE) was much higher than
reported for CuO.®® Copper species can interact with silica
supports to form Cu?>*—O-Si groupings,”” and such strong
metal-support interaction results in charge-transfer from the
metal ion to the silicasupport and higher BE, as previously
reported for Nb species.®®*¥ The presence of Cu*'—0-Si on the
catalyst surface instead of CuO species is in accordance with
the XRD measurements, where none of the latter species were
found. After pretreatment with H, at 350°C the satellites at

% CaCO, [ Ca(OH), eCaO *CeO, ¢CuO
*
M~/ ,\‘ * *
- I S AN/ S~
2 Cu/Ce-MCF
E * * *
- * * %
=y - x
2 Ce-MCF
o]
= Sop o Cu/Ca-Nb-MCF
e
* o
Ca-Nb-MCF
T T T T T 1
20 40 60 80
20,°

Figure 1. XRD diffractograms of Ce-MCF and Ca—Nb-MCF supports and
corresponding Cu/Ce-MCF and Cu/Ca—Nb-MCF catalysts.
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Figure 2. XP spectra in the Cu2p region of Cu/Ca—Nb-MCF and Cu/Ce-MCF
catalysts (top), and Cu/MAPN and Cu/HAP catalysts (bottom).

around 943.5 eV disappeared and Cu2p,, signal was shifted to
933.5 eV indicating the reduction of copper species (Figure S3).
In the XP spectrum of the material in the Nb 3d regions
(Figure S4) bands assigned to Nb 3d;, and Nb 3d,, at 210.9
and 208.1 eV, respectively, were consistent with presence of
Nb'. Notably, also here the observed BE was also much higher
than the value typical of niobium(V) oxide further corroborating
strong metal-support interactions.

The XP spectrum of Cu/Ce-MCF in the Cu2p region differed
from that of Cu/Ca—Nb-MCF (Figure 2) and showed a symmetric
Cu2p;,, signal at 932.9 eV, characteristic of Cu™ or Cu®“**" and
no Cu®" satellites. After pretreatment with H, at 350°C, the
Cu2p,, signal was almost unchanged except a slight shift to
lower energy (932.8 eV; Figure S3).The lack of satellites
indicated that Cu waspartially reduced, however, the XRD
pattern of Cu/Ce-MCF also clearly confirmed reflections from
CuO species (Figure 1). To identify the reduced form of Cu, NO
adsorption combined with FTIRspectroscopy was applied as
NO adsorbs on copper cations forming specific complexes. After
NOadsorption, the spectrum of Cu/Ce-MCF (Figure S5) showed
two characteristic bands of Cu®' interacting with NO at
1621 cm™', assigned to Cu?"(O"NO)(NO), and 1879 cm™' as-
signed to Cu?’*NO*' but no band at approximately
1810 cm™' typical of Cu™ interacting with NO. This indicated
that the reduced species formed (and measured by XPS) were
Cu’. Oppositely, were Cu>* species only detected in the FTIR
spectrum of Cu/Ca-Nb-MCF after NO adsorption (Figure S5).

Cu/Ce-MCF was also examined by XPS in the Ce 3d region
and revealed predominantly Ce** from CeO, oxide (Figure S4),
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in agreement with theXRD pattern (Figure 1). However, the

spectrum could be deconvoluted into three pairs of signals at
883.0 and 901.3 eV, 889.8 and 907.7 eV, 898.5 and 916.9 eV
assigned to Ce*" and one pair of signals at 887.2 and 904.7 eV
assigned to Ce’" with calculated Ce®"/(Ce*" 4 Ce*!) ratio
0.044.%4 Ce*t and Ce*" species exhibit redox properties and
under oxidizing conditions ceria can interact with other
transition metals inducing electron-transfer towards that
metal,®® resulting in local oxidization of ceria and metal
reduction. This phenomenon may explain the reduction of
copper species observed for Cu/Ce-MCF by XPS. However, it is
very likely that some Ce®* and oxygen vacancies remained after
reduction, owing to the higher concentration of cerium species
compared to copper species.

The XP spectra of Cu/Ce-MCF and Cu/Ca—Nb-MCF in the
O1s region (Figure S6) were also recorded and analyzed. Here
two bands were found and assigned to oxygen in thesilica
lattice at about 533 eV (more intense band) and to oxygen in
ceria or copper oxide at about 531.2 eV, respectively.””’ The
latter band has been also assigned in prior reports to adsorbed
CO,"* The intensity of band at about 531.2 eV decreased
after hydrogen pretreatment of Cu/Ce-MCF confirming the
effective reduction of the oxidespecies. Oppositely, for Cu/
Ca—Nb-MCF the relative band intensity at about 531.2 eV
associated to calcium-, niobium- and copper oxides in Cu/
Ca—Nb-MCF was less effected by the hydrogen treatment
(Figure S6). Moreover, it was also noticed that Ca?' species
were detected (band at 347.9 eV) after the treatment with
hydrogen, whereas Nb** species were not reduced (Figure S4).

XPS analyses were also performed with the reference
materials Cu/MAPN and Cu/HAP (Figure 2). The Cu2p region of
the former was deconvoluted into two signals at 933.2 eV and
935.9 eV assigned to Cu™ (or Cu°) and Cu®", respectively, with
well-distinguished satellites in the region of 940-945 eV
indicative of CuO. However, the BE of Cu** was like for Cu/Ca-
Nb-MCF shifted to a higher value than typical of CuO, and CuO
species were not detected by XRD (see above). Accordingly, it
may be speculated that other surface species formed may be
through interaction with aluminum (i.e, Cu>*—O-Al). In con-
trast, the state of the copper species in Cu/HAP were similar to
that of Cu/Ce-MCF revealing a rathersymmetric band at
932.7 eV assignable to Cu,0 or Cu’ The intense satellites
suggested presence of CuO, which was also confirmed by XRD
analysis (Figure S2). For both reference materials the pretreat-
ment with H, at 350°C resulted only in a slight shift of the
Cu2p;,, signal to a 0.2-0.3 eV lower BE, but only for Cu/MAPN
were the satellites in the region of 940-945 eV still visible
(Figure S3).

Basicity and acidity of catalysts
The conversion of acetone to MIBK consist of three catalytic
steps involving i) condensation of acetone to diacetone alcohol

(DAA) over basic sites, ii) dehydration of DAA to mesityl oxide
(MO) on acidic sites and iii) hydrogenation of MO to MIBK on
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metallic sites (Scheme 1), thus making catalyst basicity and
acidity important for the catalytic performance.

CO,-TPD was performed on the Cu-modified materials to
examine their basicity (Figure S7) and the results are compiled
inTable 2. The Cu-modified MCFs possessed almost the same
number of basicity with a desorption maximum at 111°C for
Cu/Ca—Nb-MCF and 93 °C for Cu/Ce-MCF. An additional desorp-
tion peak of the latter catalyst at 269°C most probably
originated from the presence of cerium species as the related
signal was also reported for Ce-MCF.”® The Cu/Ca—Nb-MCF and
Cu/HAP catalysts were less basic than their Pd-counterparts,
whereas Cu/Ce-MCF andCu/MAPN were more basic than the
analogous Pd-catalysts. Such variations may originate from
differences in the interaction betweenmetals onthe catalyst
surfaces.

Table 2. TPD-CO, data of the catalysts.
Catalyst Desorbed CO, [mmolg ', 1077]
Cu/Ca—Nb-MCF 233
Pd/Ca—Nb-MCF®? 336
Cu/Ce-MCF 241
Pd/Ce-MCF®! 2.02
Cu/HAP 339
Pd/HAP®? 3.79
Cu/MAPN 3.34
Pd/MAPNE?! 290
Cu/Ce-MCF 1609 1487 14501441
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Figure 3. FTIR spectra of Cu/Ce-MCF (top) and Cu/Ca—Nb-MCF (bottom) after
pyridine adsorption at 150 °C and consecutive evacuations at 150, 200, 250
and 300 °C.
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Acidity of the Cu-MCF catalysts were evaluated by FTIR after
pyridine adsorption (Figure 3). After pyridine adsorption and
outgassingfor 10 min, physisorbed pyridine remained on the
catalysts as indicated by the bands at 1577 and 1597 cm™
assigned to hydrogen-bonded pyridine. However, these bands
disappeared after outgassing at 150 °C for 30 min leaving only
bands at approximately 1450 and 1610 cm™' of pyridine bound
toLewis acid sites (LAS) on the catalyst. ** Inthe Cu/Ce-MCF
spectrum, both bands were clearly visible, confirming the
presence of LAS, whereas the band at similar position
(1445 cm™) for Cu/Ca-Nb-MCF was much less intense, indicat-
ing a significantly lower LAS density. Moreover, the band almost
disappeared after outgassing at 150°C for 30 min revealing
relative weak LAS in the Cu/Ca-Nb-MCF catalyst, whereas
stronger LAS were present in the Cu/Ce-MCF catalyst where the
band remained even after treatment at 300 °C. Notably, the
band at 1450 cm ' was apparently split into two bands for Cu/
Ce-MCF after outgassing at 200 °Candabove, suggesting the
presence of two kinds of LAS. For both catalyst, a lack of signal
at approximately 1550 cm™" indicated the absence of Brgnsted
acid sites (BAS).

Interaction of metal species in catalysts

To evaluate the interaction between Cu and Ce in more detail,
H,-TPR measurements were performed upto 400 °C with Cu/
MCF, Ce-MCF and Cu/Ce-MCF (Figure 4), where the latter was
found by XPS (see above) to contain Cu® and Cu?*. The H,-TPR
profile of Cu/Ce-MCF revealed four reduction peaks at 169, 192
(most intense), 229 and 261 °C, respectively, whereas Cu/MCF
only had a single reduction peak at 233 °C and Ce-MCF showed
no reduction peaks as ceria requires temperatures above 500 °C
to be reduced.®"?

Ceria has been reported to influence the reducibilityof
copper species, giving rise to multiple peaks in H,-TPR profiles.
These peaks are often described as o, f and y peaks with the
low-temperature o peak assigned to finely dispersed copper
species,®*13*%33 intermediate-temperature B peak assigned to
larger copper oxide species®'?? and high-temperature y peak
assigned to bulk copper oxide.P'***%**4 However, some reports

0.02 192

(2]
5 Cu/Ce-MCF
£
©
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5 Cu/MCF
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a
e Ce-MCF
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Figure 4. H,-TPR profiles of Cu/Ce-MCF (top), Cu/MCF (middle) and Ce-MCF
(bottom).
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further suggest that the copper species related to the a and 3
peaks are interacting with oxygen in the ceria,****** and an
additional high-temperature peak originating from Cu incorpo-
rated into the ceria lattice (0 peak) can appear, because such
species are more difficult to reduce’'™® Zhu etal. also
postulated that a high-temperature peak at 279°C for
CuO—CeO, corresponded to a mixture of Cu®™ and bulk CuO
species.® Based on these analyses, the o peak (169°C)
observed for Cu/Ce-MCF represented highly dispersed copper
oxide species interacting with ceria surface particle, the intense
P peak (192°C) corresponded to larger copper oxide particles,
which werealso visible in the XRD pattern, and the vy peak
(229°C) was related to bulk CuO. With respect to the last high-
temperature peak (261 °C), the XPS and NO adsorption data of
Cu/Ce-MCF (see above) confirmed Cu was partially reduced to
Cu® and not Cu™, and the cell parameter of ceria calculated
from the XRD of Cu/Ce-MCF (0.538846 nm) was smaller than in
Ce-MCF (0.540601 nm; for details on calculation, see the
Supporting Information). Taking into account that the radius of
Cu?* is smaller than Ce*" incorporation of Cu into the ceria
lattice could cause the observed cell contraction, and the peak
was therefore assigned to Cu incorporated into the ceria lattice
(i.e., 0 peak).

Catalytic performance
All the Cu-catalysts were applied for the reductive gas-phase

condensation of acetone at four temperatures 150, 200, 250,
300°C (Figure 5). The two Cu-MCF catalysts provided at all

temperatures comparable, high selectivity (79-91%) towards
MIBK with diisobutyl ketone (DIBK) as a minor byproduct with
Cu/Ce-MCF yielding a superior acetone conversion compared to
Cu/Ca—Nb-MCF. Importantly, the Cu-MCF catalysts exhibited
also better catalytic performance than previously reported for
their Pd-based counterparts,”®® particularly the Cu/Ce-MCF
catalyst at 250°C (34% conversion, 79% MIBK selectivity). The
Cu/HAP catalyst exhibited also excellent selectivity toward MIBK
(85-93 %) at 150-300°C, however, the acetone conversion was
significantly lower than forthe Cu/Ce-MCF catalyst at all
temperatures. Oppositely, Cu/MAPN was only highly selective
toMIBK at lower temperatures (i.e. 150 and200 °C), whereas
isopropylalcohol (IPA) was the major product at higher
temperature. Interestingly, this selectivity trend was quite
opposite to Pd/MAPN, which was onlyselective to MIBK at
temperature of 300°C.”* At higher temperatures, some ether-
ification of IPA to diisopropyl ether (DIPE) was also inevitable
for both MAPN-based catalysts, owing to the acidic character of
the support.®

To corroborate the influence of Cu on the catalytic perform-
ance, the Cu/MCF catalyst without cerium-doping was also
appliedfor the reaction (Figure S8). The catalyst showed very
low acetone conversion, reaching only 5% at 300°C, and the
MIBK selectivity decreased from 90% at 250°C to 76% with
DIBK as the main byproduct (21% selectivity). Thisclearly
indicated that copper species promoted the condensation
towards MIBK. In previous work’ an analogous Ce-MCF
catalyst was found to provide 12% acetone conversion at
300 °Cwith insignificant production of MIBK (17 % selectivity),
clearly implying that a synergistic effect between Cuand Ce
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Figure 5. Catalytic performance of Cu/Ca—Nb-MCF, Cu/Ce-MCF, Cu/HAP, and Cu/MAPN in the reductive condensation of acetone (MIBK =methyl isobutyl
ketone; IPA =isopropyl alcohol; DIBK= diisobutyl ketone; DIPE =diisopropyl ether). Reaction conditions: Acetone (0.05 cn’min”), hydrogen (50 cm*min™),

1 bar.
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Reaction conditions: Acetone (0.05 cm®min "), hydrogen (50 cm®*min "),

1 bar, 250 °C.

improved the activity of the Cu/Ce-MCF catalyst. Moreover,
Ca—Nb-MCF andHAP supports were also previously found to
give low MIBK yields further indicatingthe essential contribu-
tion of Cu in the process.??

Long-term performance of catalysts

Finally, the activity of the two most active catalysts Cu/Ce-MCF
and Cu/HAP were evaluated in prolonged reactions at 250 °C
for 24 h (Figure 6). The Cu/Ce-MCF catalyst lost within the first
3 h of reaction about 50% of its initial activity, where after the
acetone conversion remained constant around 17 %. Concur-
rently, the MIBK selectivity increased steadily from 80% up to
about 90 % during the reaction. The Cu/HAP material had much
higher initial acetone conversion (ca. 65%) compared to the
Cu/Ce-MCF, but the acetone conversion decreased gradually
over timereaching only 12% after 24 h of reaction without
stabilizing and the MIBK selectivity fluctuated between 60-90 %
in the first 17 h before reaching a high constant value of 94 %.
Hence, both of the catalysts remained highly selectivity towards
MIBK but lost significant activity over time, and only the Cu/Ce-
MCF catalyst remained stable during the long-term test. A
similar loss in activity was not observed for the analogous Pd/
Ce-MCF catalyst,®™ however, the catalytic performance of the
Cu/Ce-MCF catalyst was higher than over Pd/Ce-MCF despite
the initial decrease in activity (Figure S9).

Conclusion

Cu-containing catalysts based on Ce-MCF and Ca-Nb-MCF
supports with different copper species were prepared, charac-
terized, and applied in gas-phase acetone condensation,
dehydration, and hydrogenation to obtain methyl isobutyl
ketone (MIBK). In the Cu/Ca-Nb-MCF catalyst, Cu’* species
were found to interact with the silica support (Cu?>*—0-Si),
whereas Cu/Ce-MCF contained both reduced Cu® and other
Cu*" forms. The different copper species resulted in much more
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presence of Cu® centers, which were active for the hydro-
genation of MO to MIBK. Importantly, the Cu/Ce-MCF catalyst
had better catalytic performance and similar durability during
continuous operation for 24 h to a recently reported Pd/Ce-MCF
catalyst,®® implying that Cu can efficiently replace the noble
metal Pd as an active catalyst for selective acetone condensa-
tion to MIBK.

Experimental Section

Materials

Tetraethyl orthosilicate (TEOS, >99%) and Pluronic P123, 1,3,5-
trimethylbenzene (98 %), ammonium fluoride (99.99 %), ammonium
niobate(V) oxalate hydrate (99.99 %), calcium acetate monohydrate
(99%), cerium(lll) nitrate hexahydrate (99%), copper(ll) nitrate
trihydrate (99 %) and acetone (99.5 %) were purchased from Sigma-
Aldrich. Hydrochloric acid(35 wt.%) was procured from Chempur.
All the chemicals were used without further purification.

Catalyst preparation. Syntheses procedures of the applied catalyst
supports MCF, hydroxyapatite (HAP) and mesoporous aluminophos-
phate oxynitride (MAPN) are described elsewhere.®® The latter two
supports served as reference materials. The MCFs were impreg-
nated with Ce (Ce-MCF, 20 wt.% Ce) or Nb and Ca (Ca—Nb-MCF,
20wt.% Ca and 2wt.% Nb) by sequential impregnation with
aqueous solutions of cerium(lll) nitrate hexahydrate, ammonium
niobate(V) oxalate hydrate and calcium acetate monohydrate,
respectively. The samples were calcinedat 500 °C after impregna-
tion with Nb and Ce and at 700 °C after impregnation with Ca. Cu
was loaded onto the supports by wetness impregnation using
aqueous solutionof copper(ll) nitrate trihydrate in an amount to
obtain 3 wt. % loading of Cu. The catalysts were after impregnation
calcinedat 550 °C for 4 h. The prepared catalysts are denoted by
the following acronyms: Cu/Ce-MCF, Cu/Ca—Nb-MCF, Cu/HAP and
Cu/MAPN.

Catalyst characterization

Nitrogen physisorption was conducted on materials using a Micro-
meritics ASAP 2020 apparatus at —196 °C with prior outgassing of
samples at 200 °C under vacuum. Surface areas were determined
using the BET method, pore parameters by Broekhoff-de Boer
(BdB) method with BJH Fass correction (MCF), BJH method with
Kruk-Jaroniec-Sayaroi correction (HAP), or DFT method with
cylinder geometry (MAP, MAPN). X-ray diffraction (XRD) was
performed on catalysts with a HuberG670 powder diffractometer
using Cu Ka radiation (1=0.154 nm) within 26 range of 20-80° in
steps of 0.005°. X-ray photoelectron spectroscopy (XPS) was
performed on samples as obtained and after reduction (in
50 cm®*min~' H, flow at 350°C for 2 h) with an Ultra-high vacuum
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photoelectron spectrometer based on Phoibos 150 NAP analyzer
(Specs, Germany). The analysis chamber was operated under
vacuum with a pressure close to 510 ° mbar and the sample was
irradiated with a monochromatic Al Ka (1486.6 eV) radiation (15 kV;
10 mA). Binding energies were referenced to the Sils signal
(103.4 eV) for Cu/Ca—Nb-MCF and Cu/Ce-MCF samples and to the
C1s signal (284.6 eV) for Cu/HAP andCu/MAPN samples. NO and
pyridine adsorption combined with Fourier transform infrared
(FTIR) spectroscopy was conducted on catalysts with Vertex 70
(Bruker) and Invenio (Bruker) spectrometers, respectively. Catalysts
were pressed into thin wafers (5-8 mgcm™) and degassed under
vacuum at 350°C for 2 h. Then, FTIR spectra were recorded after
saturation with NO gas for 30 min at room temperature, or after
pyridine exposure for 5 min at 150 °C followed by outgassing under
vacuum at 150, 200, 250 and 300 °C for 30 min at each temperature.
The spectra of the activated samples were subtracted from the
recorded spectra. Temperature programmed desorption of CO,
(CO,-TPD) was performed with catalysts on Micromeritics Autochem
I RS232 equipment. The sample (100 mg) was heated at 550°C in
He flow (25cm®min") for 1 h. Afterwards, CO, adsorption was
performed at 45 °C with a gas stream of CO, (15 cm®*min~") diluted
in He (25 cm®min ") for 20 min followed by flushing with He flow
(25 cm®*min~") for 1 h. Thermal desorption was then performed by
heating up to 550°C (10°Cmin~") with thermal conductivity
measurements every second. Temperature programmed reduction
(TPR-H,) of catalysts was also performed on a Micromeritics
Autochem Il RS232. The sample was heated up to 400°C
(10°Cmin~") in H, flow (50 cm®min~") with thermal conductivity
measurements every 4 s.

Catalyst testing

The prepared catalysts were examined for the reductive condensa-
tion of acetone to MIBK in gas-phase using a previously described
fixed-bed reactor system.'**¥ Pelletized catalyst(100 mg, 180-
355 um) was placed in a quartz reactor and activated at 350°C in H,
flow (50 cm®*min~") for 2 h, where after the reactor was cooled to
150 °C under H,. The reaction was then performed at set-temper-
atures of 150, 200, 250, 300 °C, respectively, for 1 h after pumping
liquid acetone (0.05 cm®min™) into the H, gas stream where it
evaporated. The gaseous products were analyzed online by GC (DB-
1 column, 50 m) and the components identified by standards.
Catalyst stability tests were performed with selected catalysts at
250 °C for 24 h after activation as described above.
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Cell parameter calculations

The cell parameter (a) of cubic CeO, was calculated based on the XRD signal of the (111)
plane. According to Bragg’s law (A = 2dsinf) where A = 0.154 nm and 6 corresponds to the 26
signal of (111) plane of CeO,.

For cubic system the spacing d is given by equation:

dp = ﬁ, for the (111) planeh=k =1=1
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Figure S1. N, adsorption/desorption isotherms of the Cu-catalysts.
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Abstract: Herein, the impact of cerium species loaded on mesoporous silica of MCF type on the
state and catalytic activity of ruthenium species was studied. Up to 20 wt.% of cerium was incor-
porated on silica surface, whereas the same 1 wt.% of Ru loading was applied. The samples pre-
pared were examined by low temperature N2 adsorption/desorption, XRD, XRF, ICP-OES, XPS and
H: chemisorption. The catalytic activity of the materials obtained was investigated in transfor-
mation of levulinic acid to y-valerolactone. It was documented that the presence of Ce favored an
increase in the dispersion of ruthenium species, which had a positive impact on the hydrogenation
activity for up to 10 wt.% of Ce. Nevertheless, the highest cerium loading had a negative influence
on the textural parameters of the support.

Keywords: ruthenium species; bimetallic catalysts; hydrogenation; levulinic acid

1. Introduction

Metal particle size has a dominant impact on the activity of heterogeneous catalysts.
Gold had been considered inactive for long period of time until Haruta [1] reported a
high conversion in the low-temperature oxidation of hydrogen and CO over gold nano-
particles (<10 nm). Since that time the effect of metal particle size on catalytic perfor-
mance has been widely investigated [2]. Preparation method, metal precursor, synthesis
conditions and support type are the most common factors used to control metal particle
size [3-5]. Dispersion of metal particles may be greatly dependent on the support nature.
Newman et al. [6] have studied the effect of Ru particle size on various supports
(mesoporous silica, active carbon and metal oxides) and obtained particle sizes in range
from 1.5 to 256 nm. In another work [7], some changes in the acid-base properties of the
support for Ru particles led to diverse results in selectivity and conversion of
2,5-hexanedione hydrogenation.

Two factors are essential for generating small supported particles: surface area and
electronic properties of the support. Loading Ru on porous, large surface area supports,
like activated carbon, template mesoporous carbon or SBA-15 together with the use of
thermal method led to generation of fine metal particles on catalysts surfaces, which gave
very high conversion in hydrogenation of aromatic compounds [8]. While large surface
area is achievable for inert oxides like silica, it is not the case for metal oxides which,
however, exhibit strong metal-support interactions. Many attempts have been made with
Ru particles loaded on different metal oxides i.e. Al203[9-10], CeO2[11], TiO2[12-13] or
Fe20s [14] resulting in observation of strong metal-support interaction, manifested as
enhanced activity in catalytic reactions. CeOz is specifically interesting due to its oxygen
storage capacity, which has been greatly acknowledged in the field of catalysis, i.e. re-
forming, water-gas shift reaction, oxidation, hydrogenation reactions and photocatalysis
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[15]. Gao et al. [11] have documented the interaction between RuO: and ceria which
served as support. Ru/CeQO: system was applied in the hydrogenation of ethyl levulinate
to y-valerolactone. Oxygen vacancies and increased surface area of ceria were proven to
effectively disperse Ru species. Herein, we are concerned with ruthenium particles
loaded on the mesoporous silica support (MCF) doped with ceria. Both effects inducing
interaction with Ru, namely the porous structure of the support and doping with another
metal, were considered in composing an efficient catalyst for hydrogenation reaction.

2. Materials and Methods

2.1 Materials

All chemicals and materials used were purchased from commercially available
sources and used without further purification. Tetraethyl orthosilicate — TEOS (>99%),
Pluronic P123, 1,3,5-trimethylbenzene (>98%), ammonium fluoride (>99.99%), cerium(III)
nitrate hexahydrate (>99.999%) and levulinic acid (>99%) were purchased from
Sigma-Aldrich. HCl (35 %) was procured from STAN LAB. Ruthenium trichloride hy-
drate (35-40 % of Ru) was purchased from Acros Organics.

2.2 Synthesis of the catalysts

MCF mesoporous silica was prepared according to the procedure described in detail
elsewhere [16]. Pluronic P123 (8 g) was dissolved in the hydrochloric acid solution (17.52
g of concentrated HCI with 282.5 g of H20) and mixed for 1 h with 1,3,5-trimethylbenzene
(12 g) and NH4F (0.0934 g). Then, TEOS (17.054 g) was added and the synthesis mixture
was stirred at 40 °C for 20 h to be further moved to an oven at 100 °C for another 24 h.
Filtered out white solid was calcined at 500 °C (8 h).

The support was impregnated (wetness impregnation) with aqueous solutions of
cerium(Ill) nitrate hexahydrate using different concentrations in order to load 5, 10 20
wt.% of cerium. The solids were calcined at 500 °C for 5h. The samples are denoted with
xCe/MCF acronyms, where x stands for weight % loading of cerium.

Next, the as obtained samples (5Ce/MCF, 10Ce/MCF and 20Ce/MCF) as well as
pristine MCF were impregnated with ruthenium. In the typical procedure a powder
sample (~1 g) was dispersed in specific amount of RuCls solution (4.6549 g mL-1, assumed
Ru loading 1 wt.%) diluted in 50 mL of water. Next, the aqueous solution of NaBHa4 (4.1
mL, 0.25 M) was added dropwise and vigorously stirred for 30 minutes. The solid was
filtered out, washed with water, placed in a ceramic tube and dried in vacuum at 80 °C
for4h.

2.3. Characterization techniques

The materials prepared were characterized using different analytical techniques:
XRD, XRF, ICP-OES, Nz adsorption/desorption, XPS, H2-chemisorption.

2.3.1. X-ray diffraction (XRD)

XRD measurements were performed using a Bruker AXS D8 Advance diffractome-
ter (Bruker, Karlsruhe, Germany) with Cu Ka radiation (A = 0.154 nm) in the 20 range of
25°-80° and at a step of 0.05°-s71.

2.3.2. N2 adsorption/desorption

Low temperature N2 adsorption/desorption measurements were performed using
the Micromeritics ASAP 2020 instrument (Norcross, GA, USA). The sample (ca. 100 mg)
was outgassed at 300 °C under vacuum (<1.3 Pa) for 8 h. The surface area was calculated
using BET method. The pore volume and diameter were calculated according to Broek-
hoff-de Boer method with BJH Fass correction.



Materials 2022, 15, x FOR PEER REVIEW 3of11

92 2.3.3. ICP-OES

93 Cerium content (wt.%) was determined by ICP-OES, Spectro Blue TI (SPECTRO
94 Analytical Instruments GmbH, Kleve, Germany).

95 2.3.4. XRF

% Ru content was estimated with the use of X-ray fluorescence spectrometry (ED-XRF
97 Canberra Packard spectrometer, model 1510; excitation source: Am-241). MoOs (molyb-
98 denum oxide) served as internal standard used to normalize the analysis results. Before
99 the measurement, a sample was dried at 150 °C. The XRF spectra were registered in the
100 high energy range for the Ka-line of ruthenium and for the standard. The results were
101 processed using the QXAS software package.

102 2.3.5. X-ray photoelectron spectroscopy (XPS)

103 The X-ray Photoelectron Spectroscopy (XPS) measurements for as-synthesized
104 samples (without any additional pre-treatment) were carried out with a hemispherical
105 analyser (SES R4000, Gammadata Scienta, Uppsala, Sweden). The unmonochromatized
106 AlKo (1486.6 eV) X-ray source with the anode operating at 12 kV and 15 mA current
107 emission was applied to generate core excitation. The energy resolution of the system,
108 measured as a full width at half maximum (FWHM) for Ag 3ds» excitation line, was 0.9
109 eV (pass energy 100 eV). The spectrometer was calibrated according to ISO 15472:2001.
110 The base pressure in the analysis chamber was about 1 x 10-'° mbar and about 3 x 10~
111 mbar during the experiment. The analysed area of the sample was about 4 mm? (5 mm x
112 0.8 mm). All spectra were collected at the pass energy of 100 eV (with 25 meV step). In-
113 tensities were estimated by calculating the integral of each peak (CasaXPS 2.3.23), after
114 subtraction of the Shirley-type background, and fitting the experimental curve with a
115 combination of Gaussian and Lorentzian lines of variable proportions (70:30). The results
116 are charge-corrected (C-C bond, 285.0 eV) because samples were weakly conductive.

117 2.3.6 H>-chemisorption

118 H>-chemisorption was conducted on ASAP 2020C (Micromeritics). Before the
119 measurement a sample (ca. 0.2 g) was reduced at 350 °C (ramp rate 10 °C min™) for 120
120 min. Then, the samples were evacuated for 1 h at the reduction temperature and cooled
121 down to 100 °C. Hydrogen chemisorption isotherms were measured in the pressure
122 range of 15-610 mmHg. Ru content used for calculations was extracted from XRF analy-
123 sis.

124 2.4. Transformation of levulinic acid

125 The catalytic reaction was conducted in a 25 mL pressure batch Parr reactor. In a
126 typical run 20 mL of 0.5M aqueous levulinic acid solution was mixed with 30 mg of a
127 catalyst with no pretreatment. The actual mass of the sample was recalculated with the
128 respect to the water content. The reactor was flushed with helium and hydrogen three
129 times. The reaction was carried out under 40 bar of hydrogen at 40 °C for 1 h and stirred
130 vigorously (600 rpm). The only product (y-valerolactone) was identified by GC-MS
131 (Thermo Scientific, Waltham, Massachusetts, USA) equipped with a 30 m DB-1 column.
132 The conversion and yield were quantified with the use of a GC (Thermo Scientific, Wal-
133 tham, Massachusetts, USA) equipped with 30 m DB-1 column and a FID detector.

134

135 3. Results and discussion

136 3.1. Textural parameters of the catalysts

137 The textural properties of the materials obtained were determined with the use of

138 low temperature nitrogen physisorption. The results obtained are presented in Table 1
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and Figure S1. The pristine silica material (MCF), which was used as a support for ceria
and ruthenium species, exhibited mesoporous structure as indicated by the characteristic
adsorption/desorption isotherm presented in Figure S1. The isotherm observed is of type
IVa according to IUPAC classification and it is characterized by the presence of a hyste-
resis loop associated with capillary condensation and evaporation from material’'s pores
with narrow size distribution. MCF materials consist of cells, formed due to the applica-
tion of 1,3,5-trimethylbenzene in the synthesis, that are interconnected by windows. Ta-
ble 1 presents the parameters calculated from the adsorption/desorption isotherms. It can
be noticed that the support shows a large specific surface area (726 m? g), which can be
beneficial for active phase immobilization. The estimated cell size is 23.9 nm, whereas the
window size is 13.6 nm. The pristine MCF sample is also characterized by the relatively
large pore volume (2.22 cm? g?).

Table 1. Textural parameters of the catalysts extracted from low temperature nitrogen
physisorption measurements.

Catalyst BET, m2 g1 Pore size?, nm Pore sizeb, nm Pore volume, cm? g!
MCF 726 239 13.6 2.22
Ru/MCF 565 23.8 13.7 1.64
5Ce/MCF 647 24.0 13.8 1.86
Ru/5Ce/MCF 445 223 13.5 1.25
10Ce/MCF 579 241 13.6 1.54
Ru/10Ce/MCF 441 21.7 11.8 1.37
20Ce/MCF 523 21.7 11.8 1.09
Ru/20Ce/MCF 542 22.0 7.9 1.16

2 Estimated from adsorption branches.

b Estimated from desorption branches.

The MCF support was first modified by impregnation with cerium species. This
procedure did not have a negative impact on the materials structure, as indicated by the
N2 adsorption/desorption isotherms presented in Figure S1. The shape of the isotherms
as well as of the hysteresis loops have not changed much, however the volume of nitro-
gen adsorbed clearly decreased. The data presented in Table 1 indicate that the modifi-
cation with ceria leads to a systematic decrease in the surface area with increasing ceria
loading. Nevertheless, the surface areas are still relatively large and range between 647
and 523 m? g'. The same is true for the pore volume, which is reduced by ca. half in
20Ce/MCF sample. The subsequent impregnation of the cerium containing materials
with ruthenium species, led to a further decrease in textural parameters. As far as the
changes in pore size are concerned, it should be noted that the impregnation of MCF with
ruthenium species had a much greater impact on the size of windows that interconnect
the cells. It suggests that impregnated species were localized very close to the windows,
leading to a decrease in their size. The difference observed for samples containing dif-
ferent ceria loadings should be related to the size of ruthenium species and this issue will
be discussed in the next paragraphs.

3.2. Efficiency of metal incorporation

The modification technique applied for preparation of ceria and ruthenium con-
taining MCF materials, i.e. impregnation, in most cases allows obtaining the assumed
loading of metals. To verify this statement, the concentration of Ce species in the bulk
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178 was estimated by ICP method, and that of Ru species by XRF analysis. The results ob-
179 tained are presented in Table 2. The assumed value of ruthenium species was reached for
180 xCe/MCF materials. A little lower loading was measured for Ru/MCF. Satisfactory re-
181 sults were also obtained for ceria loading. Some small differences noted between as-
182 sumed and obtained loadings could be related to the measurement error. Further, the
183 concentration of both metals was also estimated on the basis of XPS data. Due to the
184 method specification, the concentration of species was measured on the very thin layer of
185 material surface only. For Ru/xCe/MCF materials the concentration of ruthenium species
186 was twice higher than in the bulk. In contrast, for Ru/MCF sample the amount of Ru es-
187 timated by XPS was just a little bit higher than that obtained by XRF method. This phe-
188 nomenon could be explained by the formation of much larger nanoparticles containing a
189 part of Ru species inside so that they are not detected. This assumption was confirmed by
190 the chemisorption analysis and will be described below. A similar observation as for
191 Ru/MCF was made in relation to Ce for the ceria containing materials. The concentration
192 of Ce species calculated from the XPS analysis was much lower than assumed. This could
193 be also related both to the coverage of ceria by ruthenium species and to the large size of
194 ceria crystals, which is supported by the size calculations on the basis of the XRD pat-
195 terns, using the Scherrer equation, which will be presented in the next paragraph. How-
196 ever, the difference in ceria concentration in the bulk and on the material surface is very
197 significant. Therefore, a lower amount of ceria measured by XPS than by ICP should be
198 assigned to the location of ceria species inside the pores of MCF support.
199
200 Table 2. Content of metals in the catalysts.
Ru content, % Ce content, %
Catalyst assumed  XPS XRF  assumed ICP XPS
Ru/MCF 1.0 1.1 0.8 - - -
Ru/5Ce/MCF 1.0 2.3 1.1 5.0 3.5 22
Ru/10Ce/MCF 1.0 2.3 1.1 10.0 9.5 2.6
Ru/20Ce/MCF 1.0 2.3 1.1 20.0 20.8 3.5
201
202 3.3. Oxidation state of metals
203 XRD technique was applied in order to identify the crystallographic forms of im-
204 pregnated metals. The XRD patterns are presented in Figure 1. The reflexes characteristic
205 of CeO2 were observed for all Ce-modified samples, however, the width of peaks differed
206 depending on the amount of ceria incorporated in the support. The sizes of the crystals
207 formed were calculated from the Scherrer equation. The largest crystals were found in
208 the sample Ru/20Ce/MCF, whereas the smallest ones (5.3 nm) in 5Ce/MCF material. It
209 should be noticed, that the measured sizes of ceria particles make them possible to lo-
210 calize inside the pores of the MCF support. Moreover, no ruthenium species were de-
211 tected either for Ru/Ce-modified samples or for monometallic Ru/MCF catalyst. This
212 result can suggest a strong amorphization of ruthenium and/or well dispersion of ruthe-

213 nium species.
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Figure 1. XRD patterns of the catalysts.

XPS study provided a deeper insight into the forms of metals species on the catalysts
surface and the results are shown in Table 3 and Figure S2. The Ru 3ps. region for all
catalysts revealed two main components and one satellite The contributions at BE of
461.7-461.9 eV and 463.8-464.4 eV can be assigned to the presence of Ru? and oxidized
ruthenium species, respectively [17-19]. The satellite component is derived from RuO:
final state screening, in line with the compelling argument presented by Kim et al. [20].

Wang et al. [21] have assigned the bands at 463.4-463.6 eV to Ru®*, while those in the
range 464.8-465.0 eV to oxide species RuOx. On the basis of the data from selected litera-
ture, Morgan [18] reported the average BE for RuO2 at 463.2 eV and RuCls at 463.9 eV. It
was further compared with the experimental results allowing the assignment of RuO,
RuCls and Ru(OH)s to the binding energy of Ru 3psp at 462.6, 464.1 and 464.1 eV, respec-
tively. The signal at 462.7 eV was also assigned to RuO:2 by Ernst and Sloof [22]. The
above presented discrepancies made it difficult to clearly identify the ruthenium species
in the range from 463.8 to 464.5 eV. Therefore, Ru was also analyzed in the 3d region. The
Ru 3d signal strongly overlaps with C 1s, thus a numerical separation was necessary. For
all the samples two main components were distinguished: one assigned to the Ru®(279.7
eV - 280.2 eV) and the other to RuO2 (280.8-281.0 eV). The relative intensities for Ru 3d
components were different from those for the 3p region. This effect was probably related
to the less intense 3p peaks, as well as the difference in the sampling depth (~4 nm for Ru
3p compared to ~4.5 nm for Ru 3d). It is worth noting, that there is an additional con-
tribution (Ru® in Table 3) at BE of 278 eV in Ru 3d spectra of Ru/MCF and Ru/5Ce/MCF
samples. We believe that this peak is somehow related to the phenomenon observed ear-
lier by many groups [23 and references therein], namely the shift of Ru 3d core level
spectrum of supported ruthenium towards lower binding energies with respect to bulk
metal.

Table 3. XPS results obtained from the Ru 3ps2 and Ru 3d regions.

BE, eV Ru/MCF Ru/5Ce/MCF Ru/10Ce/MCF Ru/20Ce/MCF
Ru 3pse, Ru® 461.7 (35 %) 461.9 (50 %) 461.9 (44 %) 461.7 (43 %)
Ru# 463.8 (65 %) 464.1 (50 %) 464.4 (56 %) 463.8 (57%)
Ru 3dsz, Ru%™ 278.1 (24 %) 277.9 (8 %)
Ru® 279.7 (31 %) 280.2 (59 %) 279.9 (46 %) 280.0 (48 %)
Ru# 280.3 (45 %) 281.0 (33 %) 280.8 (55 %) 281.0 (52 %)
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244 The XPS results related to the Ce 3d region are presented in Figure 2. The spectra are
245 complex and were deconvoluted into eight components: two coming from the presence
246 of Ce? (marked by green) and six other from Ce** (marked by red) [24-25]. The calculated
247 Ce3/(Ce¥ + Ce*") ratio was much greater for Ru/5Ce/MCF (30.0 %) than for Ru/20Ce/MCF
248 (8.9 %) and for Ru/10Ce/MCF (10.2 %). Ru/5Ce/MCF with the highest content of reduced
249 cerium (Ce?*) exhibited also the highest content of metallic Ru (50.0 %, Table 3) from
250 among all the catalysts. Ruthenium content has been extracted from XPS data and the
251 obtained values were much higher than those from XRF analyses (Table 2), which indi-
252 cated that Ru was present mainly on the surface of the
253 catalysts.

Ru/5Ce/MCF
o =L
c
3 | Ru10Ce/MCF
£
@©
>
2L
3
€ | Ru20CceMcF
92I0 ' 91IO ' 9(I)0 ' SSI)O ' 8;50
Binding Energy, eV
254
255 Figure 2. XPS spectra in Ce 3d region.
256 3.4. H: chemisorption analysis
257 For deeper characterization of the ruthenium species on the surface of MCF, the H2
258 chemisorption analyses were performed. Basing on these measurements, the ruthenium
259 dispersion, particle size distribution as well as metal surface area were estimated. The
260 results obtained are summarized in Table 4. The lowest dispersion of ruthenium species,
261 ca. 2%, was found for Ru/MCF sample. For this sample also the largest metal particle
262 sizes were detected, of ca. 70 nm. This is in line with the measurements of Ru amount
263 using XRF and XPS methods, showing similar values, which is not the case for Ru and Ce
264 containing samples. The incorporation of ceria on MCF surface allows a significant in-
265 crease in the dispersion of Ru species, which for the lowest concentration of ceria reaches
266 6%. The further increase in ceria loading leads to increase in Ru dispersion, which
267 reaches ca. 16% for Ru/20Ce/MCF sample. This finding is important because not only the
268 total amount of active species determines the catalytic activities of materials, but also
269 their accessibility to the reactant.
270
271 Table 4. Ruthenium dispersion in the presented samples.
. . . . Ru metal surface
Catalyst Ru dispersion, % Ru particle size, nm
area, m?2g!
Ru/MCF 1.93+0.33 68.9+11.7 0.056
Ru/5Ce/MCF 6.01 +1.04 221+37 0.233
Ru/10Ce/MCF 9.37+1.62 142+24 0.373

Ru/20Ce/MCF 16.4+28 81+1.4 0.636
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272 For the same Ru loading on xCe/MCF samples, with increasing ceria loading the Ru
273 specific surface area also increases and reaches the highest value of 0.636 m?g! for
274 Ru/20Ce/MCF. An interesting observation was that the Ru particle size in xCe/MCF
275 samples decreases with increasing ceria loading and is in the range between 8.1-22.1 nm.
276 This indicates that these species can be localized in higher extent inside the pores of the
277 support.
278
279 3.5. Catalytic testing in hydrogenation of levulinic acid
280 The impact of ceria and its loading on the catalytic activity of ruthenium species was
281 evaluated in a test reaction, i.e. liquid phase hydrogenation of levulinic acid into
282 v-valerolactone (GVL). To make the difference between materials tested more pro-
283 nounced, the reaction was performed at a relatively low temperature of 40 °C.
284 For all the catalysts GVL was observed as the only reaction product, thus, the results
285 in Figure 3 are presented as the GVL yield. The lowest activity was observed for
286 Ru/MCF, which is in line with the lowest metal dispersion. It was documented that with
287 increasing ceria loading, the dispersion of the ruthenium species increases. The increase
288 in dispersion of Ru species is accompanied by the increase in the activity of Ru/xCe/MCF
289 samples up to 10 %wt. of ceria. The rate of a catalytic reaction should be proportional
30 -
25
2 20 - 19.3
k) 16.3 15.7
.g 15 4
< 118
(>D 10 4
5
0-
R\x\“'\o? \606\“‘0? ,\QGG\\I\O? ch\“‘o?
290 ® ! ol
291 Figure 3: Catalytic activity of the catalysts in levulinic acid hydrogenation. GVL was the only
292 identified product.
293 to the surface area of the active component, provided the reaction is not limited by mass
294 transfer either within or outside the catalytic particles. The relation between the GVL
295 yield and Ru metal surface area is presented in Figure 4A. Up to 10 wt.% of ceria a very
296 well linear correlation can be observed and the highest activity is observed for
297 Ru/10Ce/MCF sample.. Further increase in ceria loading causes significant decrease in
298 the catalyst activity despite a relative high dispersion. The estimated Ru particle size for
299 this sample is ca. 8 nm, which makes the location of Ru species in the materials pores
300 more possible (Fig. 4B). Thus, the impact of diffusion effects should be considered. The
301 incorporation of 20 %wt. of ceria causes a decrease in the pore volume as well as the size
302 of interconnections between the cells, which obviously influence the migration of
303 levulinic acid into the active species. Interestingly diffusion limitations explains also the

304 drop of activity in spite of the highest Ru metal surface area observed for this sample.
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Figure 4: A: The relation between GVL yield and metal surface area of Ru in the catalysts. B: Av-
erage Ru particle size vs MCF windows size.

4. Conclusions

Mesostructured cellular foams with different loadings of ceria, up to 20 wt.%, were
obtained and modified with the same amount of ruthenium species (1 wt.%). It has been
found that the presence of ceria on the silica support favors increasing dispersion of Ru
species and its smaller particle size, which is beneficial for hydrogenation properties of
the catalysts obtained. The size of ruthenium species in the presence of a high ceria
loading is small enough to permit their location inside the pores of MCF support. It was
concluded that in result diffusion limitations cause such catalyst to be less active in
levulinic acid hydrogenation.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1. Isotherms of the catalysts.; Figure S2. XP spectra in Ru 3ps2 and
Ru 3d region.
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Figure S1. Isotherms of the catalysts.
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Figure S2. XP spectra in Ru 3ps2 and Ru 3d region.



