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Abstrakt

Vyznam udrzitelnych chemickych technologii a snizovani ekologické naroc¢nosti chemickych
procest neustale roste. Ackoli je znama fada raznych metod vyroby epoxidl, sulfoxida a
sulfonti, pfima selektivni oxidace vychozich latek s vyuzitim jednoduchého oxida¢niho
¢inidla je velmi zadouci z pohledu ekonomickeho i ekologickeho.

Hlavnim cilem této préace je navrh a pfiprava novych zeolitd s obsahem titanu, schopnych
katalyzovat selektivni oxidaci objemnych organickych latek s vyuzitim peroxidu vodiku jako
oxidac¢niho ¢inidla. Studovana byla zejména epoxidace cyklickych olefinti, terpent a oxidace
objemnych thioetherii na ptislusné sulfoxidy a sulfony.

V ramci této prace byla pfipravena dvojice novych titanosilikati s extra velkymi péry (Ti-
CFI, Ti-UTL). Titanosilikaty Ti-CON, Ti-AFIl, Ti-IFR byly piipraveny deboronaci a
naslednou impregnaci roztokem titanového prekursoru. Dale byly pfipraveny dvé skupiny
dvojrozmérnych titanosilikatd na bazi modifikovaného vrstevnatého TS-1 a vrstevnatého
prekursoru Ti-IPC-1P, ktery vznika ,,top-down modifikaci Ti-UTL. V neposledni fadé byl
Ti-UTL pfeménén na dvojici novych materiald Ti-IPC-2 (struktura OKO) a Ti-IPC-4
(struktura PCR) s mensimi pory ve smyslu ,,ADOR® pfemény. Toto je prvni piiklad ,,ADOR*
pfemény titanosilikatli. Zejména materidly piipravené pilitovanim Ti-IPC-1P (oznacené Ti-
IPC-1PI) jsou cisté meSoporézni a pii tom obsahuji titanova centra na povrchu krystalickych
vrstev. Predstavuji tak synergii klasickych titanosilikatovych zeoliti a mesoporéznich
molekulovych sit. Takzvané ,,silica-titania“ pilifovani (pouzité pii modifikaci obou skupin
vrstevnatych materiall) bylo vyvinuto pro zvyseni poc¢tu aktivnich titanovych center.
Struktura, morfologie a textura materiald byla analyzovana pomoci praskove rentgenové
difrak¢ni analyzy, fyzisorpce dusiku a fadkovaci elektronové mikroskopie. Povaha a mnozstvi
titanovych center bylo analyzovano pomoci difusné-reflexni UV/Vis spektroskopie a ICP-
OES elementarni analyzy. Katalytické vlastnosti pfipravenych materiala byly zkoumany pii
selektivni oxidaci riznych stericky naro¢nych substrati.

Silica-titania pilifovany material Ti-IPC-1PITi poskytnul konverzi cyklooktenu 26% a
vytézek cyklookten oxidu 19.5% po 1 h reakce, coZ jej pasuje na nejaktivnéjsi z pfipravenych
katalyzatord a jeden z nejaktivnéjSich epoxidacnich katalyzatord, které byly viibec popsany
pro oxidaci objemnych substrati peroxidem vodiku.

Vysoka selektivita na epoxid (95-97% pii 10% konverzi) a vysoky vytézek cyklodecen oxidu
(TS-1-PITi 15%, Ti-IPC-1PITi 23% po 4 h reakce) byly dosazeny také pii epoxidaci
cyklodecenu s vyuzitim silica-titania pilifovanych materialti. Naopak klasicky TS-1 poskytnul
vytézek nizsi nez 1% za shodnych podminek.

Pilitovany katalyzator Ti-IPC-1PISi vykazoval o fad vyssi aktivitu pfi oxidaci methylfenyl
sulfidu (MPS) a difenyl sulfidu (Ph,S), nez materialy ze skupiny vrstevnatého TS-1 (napf. pro
MPS po 30 min: TON = 1418 vs. TON (TS-1-PISi) = 151).

Z vyse uvedenych vysledktu je zfejmé, ze katalyzatory s nejvice otevienou strukturou a
dostate¢nym mnozstvim aktivnich titanovych center (Ti-IPC-1PITi a TS-1-PITi) poskytovaly
nejvyssi vytézky a selektivitu. Jednoduché ,silica-titania® pilifovani vyrazné zlepsSilo
katalytické vlastnosti diskutovanych dvojrozmérnych zeolitt.



Abstract

Development of sustainable and environmentally friendly chemical processes is of vital
importance nowadays. Although there is a palette of different synthetic methods for the
formation of epoxides, sulphoxides and sulphones, from both economic and environmental
points of view, a direct oxidation with a simple oxidant is highly appreciated.

The main goals of the thesis were design and synthesis of novel titanium containing zeolitic
materials with the ability to catalyse selective oxidation of sterically demanding organic
compounds, particularly epoxidation of cyclic olefins and terpenes and oxidation of bulky
thioethers to corresponding sulphoxides and sulphones with hydrogen peroxide as the oxidant.

Two novel extra-large pore titanosilicates were prepared by means of hydrothermal
synthesis (Ti-CFI, Ti-UTL), three large-pore titanosilicates (Ti-CON, Ti-AFI, Ti-IFR) were
prepared using two step deboronation — liquid phase titanium impregnation procedure and two
groups of lamellar materials were prepared. One group was based on modified nanosheet TS-
1; the other was prepared from Ti-IPC-1P lamellar precursor, which was prepared by means
of top-down transformation of Ti-UTL. Last but not least, the Ti-UTL was transformed into
new titanosilicates Ti-IPC-2 (OKO structure) and Ti-IPC-4 (PCR structure) by means of
ADOR transformation. This is the first example of an ADOR transformation of a titanosilicate
material. Especially Ti-UTL based pillared materials (denoted Ti-IPC-1PI) are purely
mesoporous, possessing titanium sites located on the surface of crystalline layers and thus
providing a synergy of both crystalline titanosilicate zeolites and mesoporous molecular
sieves. So-called silica-titania pillaring post-synthesis modification (applied on both groups of
layered titanosilicates) was developed to boost number of active titanium centres.

The structure, morphology and texture of the materials were investigated by powder XRD
analysis, nitrogen and argon physisorption and SEM. The character and amount of the
titanium active sites were investigated by diffuse reflectance UV/Vis spectroscopy and XRF
or ICP-OES elemental analysis. Catalytic activity of the prepared materials was investigated
in selective oxidation of various sterically demanding substrates.

The silica-titania pillared Ti-IPC-1PITi catalyst provided cyclooctene conversion 26% and
cyclooctene oxide yield 19.5% after 1 h of the reaction being the most active of all the
prepared materials and one of the most active catalysts reported for epoxidation of bulky
olefins with hydrogen peroxide.

High epoxide selectivity (95-97% at 10% conversion) and high yield of the cyclodecene
oxide (TS-1-PITi 15%, Ti-IPC-1PITi 23% after 4 h) were achieved also in epoxidation of
cyclodecene using the silica-titania pillared materials. Contrary, conventional TS-1 provided
yield below 1%.

The Ti-IPC-1PISi catalyst exhibited an order of magnitude higher activity in both
methylphenyl sulphide (MPS) and diphenyl sulphide oxidations (e.g. MPS oxidation: TON =
1418 vs. TON (TS-1-PISi) = 151, both after 30 min).

We conclude the catalysts with most open structures and therefore the lowest diffusion
limitations and sufficient amount of the titanium centres (Ti-IPC-1PITi and TS-1-PITi)
provided the highest yields as well as the selectivity. Simple silica-titania pillaring treatment
improves the catalyst performance dramatically.



Uvod

Vyznam udrzitelnych chemickych technologii a snizovani jejich ekologické naro¢nosti
neustale nabyva na vyznamu. Selektivni oxidace je jednou z vyznamnych metod organické
syntézy. Mezi jinymi, epoxidace C=C dvojné vazby poskytuje cenné reaktivni meziprodukty
— epoxidy. Epoxidy nachazeji uplatnéni pii syntéze rozpoustédel, pryskytic, 1é¢iv [1] a dalSich
produkti s vysokou ptidanou hodnotou. Je znama fada riznych metod vyroby epoxidi (napf.
pfima oxidace peroxokyselinami, syntéza pifes halogenhydrin), ovSem z pohledu
ekonomického i ekologického je nejvyhodnéjsi pfimd oxidace pomoci jednoduchého
oxidaéniho ¢inidla jako kyslik nebo peroxid vodiku. Reakce s vyuZzitim zminénych oxidanti
se vyznaCuji zejména nizkym mnoZstvim vznikajicich odpadt. Navic, zminéna oxidacni
¢inidla maji vysoky obsah reaktivniho kysliku [2].

Pii volbé vhodného katalyzéatoru pro selektivni oxidaci peroxidem vodiku jsou prvni volbou
heterogenni katalyzatory na béazi titanu. Objev titanosilikdtu 1 (TS-1, struktura MFI) [3]
oteviel cestu k syntéze dalSich titanosilikdtovych zeoliti. Tyto jsou dnes zavedenymi
materidly schopnymi katalyzovat oxidace aromatickych uhlovodikd na fenoly [4], oxidaci
fenol na hydrochinony [5], amoxidaci [6], oxidace thioetherti na sulfoxidy a sulfony [7, 8]
and samoziejmé katalyzovat epoxidaci olefint [9-11].

Hlavni nevyhodou TS-1 (a klasickych zeoliti obecn¢) je omezena dostupnost aktivnich
center, kterda se nachazeji uvnitf kandlové struktury zeolith pro objemné substraty jako
naptiklad rozvétvené a (poly)cyklické olefiny a terpeny. Vyuziti vrstevnatych
(dvojrozmérnych) titanosilikati ptredstavuje jeden ze zpusobu, jak obejit zminéna difusni
omezeni.

Vrstevnaté materialy disponuji vysokym vnéj$im povrchem s dobie pfistupnymi aktivnimi
centry. Nékteré zeolity tvofi vrstevnaté prekursory v pribéhu hydrotermalni syntézy. Z nich,
ovsem pouze Ti-MWW a Ti-FER [12] byly pfipraveny s titanem isomorfné zabudovanym do
struktury. Pro syntézu dvojrozmérnych titanosilikatovych zeoliti je tedy nutné vyuzit jiné
“neklasické* metody syntézy. Dvojrozmérné zeolity mohou byt piipraveny také s vyuzitim
surfaktantoveho templatu [13] and nebo tzv. “top-down” syntézou, vyvinutou v nasi skupiné
[14] (Obréazek 1).
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Obréazek 1: Neklasické syntézy vrstevnatych materiali: syntéza vrstevnatého a pilifovitého TS-1 pomoci
surfaktantového templatu (nahofe), ,,top-down* pit‘eména zeolitu Ti-UTL na pilifovity Ti-IPC-1PI (dole).



Cile prace
Zaméfenim této prace byl navrh a pfiprava novych zeoliti s obsahem titanu, schopnych
katalyzovat selektivni oxidaci stericky naro¢nych organickych latek s vyuzitim peroxidu
vodiku jako oxida¢niho c¢inidla. Studovana byla zejména epoxidace cyklickych olefinii,
terpent a oxidace objemnych thioetherd na piislusné sulfoxidy a sulfony. Hlavni cile prace
mohou byt shrnuty v nasledujicich bodech:
1) Piiprava novych titanosilikatovych zeolitd s velkymi a extra-velkymi péry metodami
klasické hydrotermalni syntézy a post-syntetickou modifikaci.
2) Piiprava novych dvojrozmérnych zeoliti s dirazem na jejich post-syntetické
modifikace zajist'ujici pristupnost aktivnich center pro objemné substraty.
3) Charakterizace pfipravenych materiald metodami XRD, adsorpce dusiku, SEM, DR-
UV/Vis spektroskopie a ICP-OES elementarni analyzy.
4) Testovani pfipravenych materialti jako katalyzatora epoxidace cyklickych olefint a
terpenti
5) Oxidace objemnych thioetherti na piislusné sulfoxidy a sulfony.

Material a metodika

Syntéza Ti-CFI

Ti-CFl byl pfipraven hydrotermalni syntézou z oxidu kiemicitého Cab-O-Sil M-5 a tetrabutyl
orthotitanatu (TBOT1) v ptitomnosti LiOH. N-methylspartheinium hydroxid (N-MeSpa-OH)
slouzil jako templat [15]. Syntézni smési s po¢ateénim molarnim slozenim 0-2.0 TBOTi : 10
N-MeSpa-OH : 5 LIiOH : 50 SiO, : 2500 H,0 krystalizovaly v promichavaném autoklavu pfi
teploté 155°C po dobu 6 az 17 dni v zavislosti na obsahu titanu.

Syntéza Ti-UTL

Ti-UTL byl pfipraven s vyuzitim upraveného postupu [16], ktery vychazel z [17]. (6R,10S)-
6,10-dimethyl-5-azoniaspiro[4.5]decane hydroxid byl pouzit jako templat (SDA). Syntézni
smés méla pocatecni molarni slozeni 2 TBOTI : 50 GeO, : 50 SDA : 100 SiO, : 3750 H,0.
Zeolit krystalizoval v promichavaném autoklavu pii teploté 175°C po dobu 168 h.

ADOR transformace Ti-UTL

Postsynteticke modifikace Ti-UTL byly provedeny s vyuzitim metod vyvinutych pro &isty
germanosilikat UTL [14, 18]. Kalcinovany Ti-UTL byl pfeveden na vrstevnaty prekursor Ti-
IPC-1P hydrolyzou v 0,01 M roztoku HCI1 (250 ml/g) pfi teploté 75°C po dobu 16 h.

Material Ti-IPC-2 byl piipraven stabilizaci Ti-IPC-1P pomoci diethoxydimenthylsilanu (0,5
g/g) v prostiedi 1M HNO3 (10 ml/g) za statickych podminek pfi teploté 175°C po dobu 16 h.
Kalcinace materialu probéhla pii teploté 550°C po dobu 8 h s rychlosti ohfevu 2°C/min.
Material Ti-IPC-4 byl ptipraven interkalaci vrstev Ti-IPC-1P 1l-aminooktanem (30 ml/g) pfi
teplote 90°C po dobu 16 h a naslednou kalcinaci pfi teplot¢ 750°C po dobu 8 h (rychlost
ohtevu 2°C/min).

Pro piipravu pilifovitého Ti-IPC-1PI, byl Ti-IPC-1P nejprve nabobtnan (anglicky: swelling)
roztokem cetyltrimethylamonium hydroxidu (30 g/g) pii laboratorni teploté po dobu 24 h
(vznikd Ti-IPC-1sw).



Syntéza vrstevnatého TS-1

Vrstevnaty TS-1 byl pfipraven podle ptvodniho postupu [13] pomoci surfaktantového
templétu CigH37 -N+(CH3)2 -CsH12 -N+(CH3)2 -CeHiz v hydI'OXidOVé formé (Clg.e.GOHz).
Tetraethyl orthosilikat (TEOS) a TBOTi byly pouzity jako zdroj kiemiku resp. titanu.
Syntézni smés s pocateCnim molarnim slozenim 100 TEOS : 2.5 TBOTi : 6 C156.0H> : 5000
H,0 krystalizovala pfi teploté¢ 160°C po dobu 236 h v promichavaném autoklavu.

Pilifovani a ,.silica-titania* piliFovani

Pilifovani nabobtnalych vrstevnatych materiali probihalo v TEOS (10 ml/g) nebo ve smési
TEOS a TBOTi pii teploté¢ 85°C po dobu 24 h. Vysledny materidl byl odstiedén, dosusen
voln€ na vzduchu po dobu 48 h a nasledn€ 24 h hydrolyzovéan ve vodé. Zavérecna kalcinace
probihala pfi teploté 550°C po dobu 8 h s rychlosti ohfevu 2°C/min.

Impregnace borosilikatovych zeolitt titanem

Borosilikatove zeolity CFI, CON, AFI, IFR byly deboronovany v 0,01 M HCI (60 ml/g) pii
laboratorni teploté 24 h. Deboronované vzorky byly promyty vodou a vysuseny pii 65°C a
pfed impregnaci aktivovany pii 450°C po dobu 60 min. Impregnace TBOTi probihala
Vv 1-butanolu pii 45°C 16 h (158 mg TBOT1, 33 ml 1-butanolu, 1 g zeolitu). Po impregnaci byl
titanosilikat kalcinovan.

Impregnace TiCl, probihala shodnym zptsobem v bezvodém toluenu (0,47 ml 1M TiCly, 33
ml toluenu, 1 g zeolitu).

Charakterizace

Struktura zeolitl byla stanovena rentgenovou praskovou difrakéni analyzou na difraktometru
Bruker AXS D8 Advance vybavenym grafitovym monochromatorem a Vantec-1 detektorem s
CuKoa zdrojem zafeni a Bragg—Brentano geometrii. Adsorp¢ni izotermy dusiku (pfi -196 °C)
byly méfeny na pfistroji Micromeritics Gemini. Adsorp¢ni izotermy argonu (pii -186 °C) byly
méfeny na piistroji Micromeritics ASAP 2020. Velikost a tvar krystali byl analyzovan za
pouziti fadkovaciho elektronového mikroskopu (SEM, Jeol, JISM-5500LV).

Difusné reflexni UV/Vis spektra byla méfena na pfistroji Perkin-Elmer Lambda 950 v 2 mm
silné kiemenné kyveté s Stérbinou 8 x 8§ mm. Chemické slozené materiali bylo stanoveno
metodou ICP-OES na pfistroji ThermoScientific iCAP 7000.

Katalytické experimenty

Katalytické ucinky pfipravenych materiali byly zkoumany epoxidaci cyklooktenu,
cyklodecenu, norbonenu, linaloolu, verbenolu a a-pinenu a pii oxidaci methylfenyl sulfidu
(MPS), difenyl sulfidu (Ph,S) a dibenzothiofenu (DBTH) na ptislusné sulfoxidy a sulfony.
Vysledky byly porovnany se standardnimi materialy (TS-1, Ti-BEA a Ti-MCM-36).



Vysledky a diskuse

Piimou hydrotermalni syntézou byly pfipraveny dva nové titanosilikaty s extra-velkymi pory
(Ti-CFI, Ti-UTL). Dale byly, svyuzitim dvoukrokové post-syntetické modifikace,
pripraveny materidly Ti-CFI, Ti-CON, Ti-AFIl a Ti-IFR. V prvnim kroku byly vychozi
materialy v borosilikatové formé deboronovany a nasledné podrobeny impregnaci roztokem
vhodného titanového prekursoru (tetrabutyl orthotitanat (TBOTi) nebo TiCly). Pii syntéze Ti-

v

isomorfn¢ zabudovan do struktury zeolitu.

Ti-UTL byl pfipraven s molarnim pomérem Si/Ti=139 a z UV/Vis spektra usuzujeme, ze
vétSina obsazeného titanu byla zabudovana ve struktufe zeolitu. Pfitomnost dvojité
Ctyféetnych strukturnich (D4R) jednotek s vysokym obsahem germania umozZnila rozvolnéni
struktury na vrstevnaty prekursor Ti-IPC-1P a nasledné slozeni to podoby novych zeolitd Ti-
IPC-2 (struktura OKO) a Ti-IPC-4 (struktura PCR) ve smyslu ,,ADOR* pfemény. Toto je
prvni piiklad ,,ADOR* pfemény titanosilikatovych zeolitd.

Zabudovani titanu do struktury pomoci post-syntetické modifikace piedstavuje alternativu
k pifimé hydrotermalni syntéze. Titanosilikaty Ti-CON, Ti-AFI, Ti-IFR a Ti-CFl byly
pfipraveny z piislusnych borosilikati pomoci snadné dvoukrokové procedury. Analyza
vyslednych materidli pomoci DR-UV/Vis spektroskopie ukazala, ze vzorky impregnované
roztokem TBOTi obsahovaly pievazné tetraedricky koordinovany titan. Naproti tomu
materialy impregnované roztokem TiCl, obsahovaly takeé titan v mimomi#izkovych polohach a
Vv podob¢ anatasu. Nebyl ovSsem pozorovan rozdil v katalytické aktivité mezi obéma materialy
(viz. nize).

»Hailica-titania® pilifovani bylo vyvinuto pii syntéze vrstevnatych titanosilikatd. Pilifovity
TS-1 byl piipraven z vrstevnatého TS-1 s vyuzitim TEOS jako pilifovaciho média. Pilifovani
pomahé zachovat mesoporézni charakter vrstevnatého materidlu a snadnou pftistupnost jeho
aktivnich center i pro objemné substraty. Ptidavek TBOTi do pilifovaciho média pomaha
kompenzovat fedéni aktivni titanosilikdtové faze a zvySuje obsah titanu ve vysledném
materialu. Predpokladame, ze pti ,.silica-titania“ pilifovani vznikaji dal$i titanova centra
podobné, jako pfi impregnaci (Viz. vyse). Na zakladé katalytického testovani jsme stanovili
jako optimalni molarni pomér TEOS/TBOTi = 20 pro pilifovani vrstevnatého TS-1.
Vrstevnaty prekursor Ti-IPC-1P byl nabobtnan pomoci cetyltrimethylamonium hyroxidu a
nasledné pilitovan TEOS s ptidavkem 1 bez pfidavku TBOTi. Vysledné materialy Ti-IPC-
1PITi a Ti-IPC-1PISi byly cisté mesoporézni s aktivnimi centry na povrchu krystalickych
vrstev. Tyto materialy v podstaté kombinuji vyhody klasickych titanosilikatovych zeoliti a
mesoporéznich molekulovych sit: (i) dobfe definovana a stabilni aktivni centra na povrchu
krystalickych vrstev a (i1) vynikajici ptistupnost aktivnich center prostfednictvim mesoport.
Ptipravené materialy byly pouZity jako katalyzatory epoxidace stericky narocnych substratl a
katalyzatory selektivni oxidace objemnych sulfidi na pfislusné sulfoxidy a sulfony. Jmenovité
byly testovany cyklookten, cyklodecen, norbonen, linalool, verbenol, a-pinen, methylfenyl
sulfid (MPS), difenyl sulfid (Ph,S) a dibenzothiofen (DBTH). Reakce probihaly v kapalné
fazi s peroxidem vodiku jako oxida¢nim ¢inidlem. Pfi oxidaci cyklooktenu bylo zjisténo, ze
Ti-CON impregnovany roztokem TBOTi a TiCl, poskytuji shodné vytézky cyklookten oxidu.
Ti-CON impregnovany TiCl, poskytnul vyssi selektivitu (90% vs. 77% pii 20% procentni



konverzi), ackoli obsahoval i mimomfizkova titanova centra a podil anatasové faze. ,,Silica-
titania“ pilitovité TS-1 poskytly vyssi konverzi (18,6 — 21% po 4 h) a selektivitu (76-80%) ve
srovnani s pilitovitym TS-1 bez pfidavku TBOTi (konverze 8,5%, selektivita 58%). Ti-IPC-
1PITi poskytnul konverzi cyklooktenu 26% a vytézek cyklookten oxidu 19,5% po 1 h reakce.
Jednd se o nejaktivnéjsi z pfipravenych materidld a jeden z nejaktivnéjSich publikovanych
epoxidacénich katalyzatort, které pracuji s peroxidem vodiku, viibec. Porovnani vytézkovych
kiivek diskutovanych katalyzator je zobrazeno na Obrazek 2.
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Obrazek 2: Vyvoj vytézku cycloocten oxidu v ¢ase p¥i poziti riznych katalyzatori

Pti epoxidaci cyklodecenu bylo dosaZeno vysoké selektivity (95-97% pii 10% konverzi) a
vysokych vytézki cyklodecen oxidu (TS-1-PITi 15%, Ti-IPC-1PITi 23% pti 60°C po 4 h) pti
pouziti “silica-titania” pilitovitych katalyzatorti. Naproti tomu, klasicky TS-1 poskytnul
vytézek nizsi nez 1%.

Ti-CON impregnovany TiCls a TS-1-PITi se ukazaly byt nejselektivnéjsimi katalyzatory pfi
epoxidaci norbornenu. Pozorovana byla selektivita 76 respektive 56% a vytézky 2,3-
epoxynorbornanu byly 15,4 resp. 14,8% po 4 h reakce.

Pti epoxidaci linaloolu byla pozorovéana selektivni oxidace elektronové bohatsi C6=C7 dvojné
vazby. Nasledné probihala kysele katalyzovana intramolekularni reakce hydroxylové skupiny
se vzniklym oxiranovym kruhem za vzniku linalool oxidu. Ti-IPC-1PITi poskytnul nejvyssi
konverzi (46,6% po 4 h) a selektivitu (58% na konecny linalool oxid).

Pii oxidaci verbenolu byl jedinym produktem verbenon. Selektivita epoxidace a-pinenu
S zadnym z testovanych katalyzatori neptekrocila 20% a vzdy byla pozorovéana slozitd smés
produktti.

Selektivita oxidace MPS na methylfenyl sulfoxid byla fizena difuzi. Cim oteviengjsi struktura
katalyzatoru, tim vys$i selektivita byla pozorovana. Bylo ukazéano, Ze selektivitu reakce je
mozné dale zvysit postupnym davkovani oxida¢niho ¢inidla. Ti-IPC-1PISi vykazoval
mimotadnou aktivitu pfi oxidaci MPS a Ph,S. Napft. pii oxidaci MPS byl pocet reak¢nich
obratii (TON) 1418 po 30 min reakce a pii tom konverze MPS po 2 h byla 48%, coz je



podobné jaké u ostatnich vrstevnatych titanosilikéatii (napt. vrstevnaty TS-1 46%) 1 pies o tad
niz8i obsah titanu (Si/Ti = 480 (Ti-IPC-1PISi) vs. Si/Ti = 38 (vrstevnaty TS-1)). Lze tedy
ucinit zaver, ze snadna piistupnost aktivnich center je v ptipad¢ oxidace objemnych sulfida
LHilica-titania® pilifovity TS-1-PITi vykazal nejvétsi potencial byt oxo-desulfurizaénim
katalyzatorem, jelikoZz snadno oxidoval DBTH na dibenzothiofen sulfon (konverze 28% po
4 h). Naopak klasicky TS-1 a Ti-IPC-2 neposkytly zadnou konverzi DBTH.

Zaveéry

Za pouziti metod piimé syntézy a post-syntetickych modifikaci byla ptipravena skupina
novych titanosilikatovych zeolitt se strukturami UTL, CFI, AFI, CON a IFR. Byla ukazana
ADOR pteména Ti-UTL na nove titanosilikaty Ti-IPC-2 a Ti-IPC-4 a bylo zjisténo, Ze tato
preména neovlivni charakter obsazenych titanovych center. Déle byly pfipraveny vrstevnaté a
pilitovité titanosilikaty se vrstvami se strukturou MFI a strukturou odvozenou od UTL. Tyto
vrstevnaté a pilifovité materidly se ukéazaly byt jednémi z nejaktivnéjSich znamych
katalyzatorti pro selektivni oxidaci stericky naro¢nych substratii peroxidem vodiku.

Z vySe uvedenych vysledki je zfejmé, Ze katalyzatory s nejvice otevienou strukturou a
dostate¢nym mnozstvim aktivnich titanovych center (Ti-IPC-1PITi a TS-1-PITi) poskytovaly
nejvyssi vytézky a selektivitu. Jednoduché ,silica-titania® pilifovani vyrazné zlepsilo
katalytické vlastnosti diskutovanych dvojrozmérnych zeoliti. Predpokladame, ze pii ,,silica-
titania“ pilifovani i pfi impregnaci vznikaji podobna titanova centra. Déle bylo ukézano, ze
tzv. ,top-down* syntézou lze pfipravit materidly, které spojuji vyhody krystalickych
titanosilikatovych zeolitli a mesoporéznich molekulovych sit.

Nase pozorované vysledky katalytickych testt a DR-UV/Vis spektra podporuji nazory
Sasakiho et al. [5] a Guoa et al. [19], Zze i jina titanova centra, neZ jen izolovana s
tetraedrickou koordinaci jsou aktivni pfi katalyze selektivni oxidace.



Introduction

Development of sustainable and environmentally friendly chemical processes is of vital
importance nowadays. Selective oxidation is one of the most important reactions in organic
synthesis. In particular, oxidation of C=C double bond forming an oxirane ring is a
straightforward method leading to valuable reactive intermediates — epoxides. Epoxides are
key intermediates in synthesis of solvents, resins, pharmaceuticals [1] and other high value
products. Although there is a palette of different synthetic methods for the formation of
epoxides (e.g. direct oxidation with peroxoacids, synthesis via halogenhydrine intermediate),
from both economic and environmental point of view, a direct oxidation with a simple oxidant
such as oxygen or hydrogen peroxide is highly appreciated. Reactions using these oxidants
are typically characterised by low waste production (water is the only by-product) and the
oxidant have high content of the active oxygen [2].

Considering a selective oxidation catalyst (necessary for the H,O; activation) with a potential
of an industrial scale up, titanium based heterogeneous catalysts are one of the first choices.
Disclosure of the TS-1 [3] (titanium silicalite 1, MFI structure) opened the way towards other
titanosilicate zeolites. These are now well established catalysts of oxidation of aromatic
hydrocarbons to phenols [4], oxidation of phenols to hydroquinones [5], ammoxidation [6],
oxidation of thioethers to sulfoxides[7, 8] and of course, catalysts of olefin epoxidation[9-11].

Main drawback of the TS-1 catalyst (and conventional titanosilicates in general) lays in the
limited accessibility of the active centres located inside the channel system for bulky
substrates such as branched and (poly)cyclic olefins and terpenes. Use of layered materials
(so-called 2D titanosilicates) represents one of the approaches how to overcome these
diffusion limitations. The layered catalysts possess high external surface with well accessible
active sites. Few zeolites form lamellar precursors during their hydrothermal synthesis and
among these; only Ti-MWW and Ti-FER [12] were prepared with titanium in the framework.
Therefore “non-classical” methods of 2D-zeolite preparation need to be applied in preparation
of 2-dimensional titanosilicate catalysts. 2D zeolites can be also prepared using surfactant
template [13] and via top-down synthesis developed by our group [14] (Figure 1).

i

RN pillaring
Surfactant { ‘ ¢ -
template ) { () (00
5051003005 10707 1
as-synthetised
nanosheet TS-1 TS-1-PISi/PITi
D“R/J}.:.{\ :I:E: H*/H,0 ST 1. swelling ; g .“"“{
" ﬁf”k“‘;'\r‘. *i‘? ﬁ}‘z‘fﬁ)@'ﬁ 2. pillaring Skzdizﬁ
5 S & ST 134
Bl b8 42 88 %;
Ti-UTL Ti-IPC-1P Ti-IPC-1-PISi/PITi

Figure 1: Simplified view of layered and pillared TS-1 preparation and top-down transformation of Ti-
UTL into pillared Ti-1IPC-1PI materials.
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Aims of the study

The aim of the thesis was to design and synthesise novel titanium containing zeolitic materials

with the ability to catalyse selective oxidation of sterically demanding organic compounds,

particularly epoxidation of cyclic olefins and terpenes and oxidation of bulky thioethers to

corresponding sulphoxides and sulphones with hydrogen peroxide as the oxidant. The main

goals are summarized as follows:

1) Preparation of novel large pore and extra-large pore titanosilicates by means of
hydrothermal synthesis and post-synthesis modifications

2) Preparation of novel 2-dimensional zeolitic materials with particular attention to their
post-synthesis modifications in order to enhance the accessibility of the active centres

3) Characterisation of the prepared materials by XRD, nitrogen physisorption and SEM, DR-
UV/Vis spectroscopy and ICP-OES elemental analysis

4) Testing of the prepared materials in epoxidation of cyclic olefins and terpenes

5) Oxidation of bulky thioethers into corresponding sulphoxides and sulphones.

Materials and methods
Synthesis of Ti-CFlI

Ti-CFI materials were prepared by hydrothermal synthesis using Cab-O-Sil M-5 silicon oxide
and titanium (1V) butoxide (TBOTI) in the presence of LIOH. N-methylspartheinium
hydroxide (N-MeSpa-OH) was used as a structure directing agent (SDA) [15]. Synthesis
mixture with molar composition 0-2.0 TBOTi : 10 N-MeSpa-OH : 5 LiOH : 50 SiO, : 2500
H,O crystallised under agitation at 155°C for 6 to 17 days depending on titanium content.
Synthesis of Ti-UTL

The Ti-UTL synthesis was based on procedures reported earlier [16, 17]. (6R,10S)-6,10-
dimethyl-5-azoniaspiro[4.5]decane hydroxide served as an SDA. The initial reaction gel had
molar composition of 2 TBOTi : 50 GeO; : 50 SDA : 100 SiO; : 3750 H,O. The zeolite
crystallized under agitation at 175°C for 7 days.

ADOR transformation of Ti-UTL

The post-synthesis modifications of the Ti-UTL were performed according to procedures
reported earlier for UTL germanosilicate [14, 18]. The Ti-UTL was converted into lamellar
precursor Ti-IPC-1P by acid hydrolysis with 0.01 M HCI (250 ml/g) at 75°C for 16h.

The Ti-IPC-2 was prepared by stabilization of the Ti-IPC-1P with diethoxydimethylsilane
(0.5 g/g) in 1M HNOs3 (10 ml/g) at 175°C for 16 h without agitation. Final calcination was
performed at 550°C for 8 h using a temperature ramp of 2°C/min.

The Ti-IPC-4 was formed via intercalation of the Ti-IPC-1P with 1-aminooctane (30 ml/g) at
90°C for 16 h. Finally the material was calcined at 750°C for 8 h with a temperature ramp of
2°C/min.

To prepare the pillared Ti-IPC-1P1 materials, the Ti-IPC-1P was swollen with a solution of
cetyltrimethylammonium hydroxide (30 g/g) at room temperature for 24h forming Ti-IPC-
1sw.
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Sythesis of layered TS-1

The layered TS-1 was synthetized according to the Na et al. procedure [13] with a surfactant
SDA CigHz7 -N+(CH3)2 -CgH1» -N+(CH3)2 -CgH13 in hydroxide form (Clg.e.son) form silicon
(V) ethoxide (TEOS) and TBOTI. The synthesis mixture with initial composition 100 TEOS
: 2.5 TBOTi : 6 C136.60H, : 5000 H,O hydrothermally crystallized at 160°C for 236 h under
agitation.

Silica and silica-titania pillaring

The pillaring was done using TEOS (10 ml/g) or its mixture with TBOTi to form silica
pillared resp. silica-titania pillared materials. Pillaring occurred at 85°C for 24 h under
agitation. The final material was centrifuged and dried for 48 h at room temperature.
Subsequently, the product was hydrolysed in water for 24 h under vigorous stirring. Finally,
the solid material calcined in an air flow at 550° C for 8 h using a temperature ramp of
2°C/min.

Titanium impregnation of large-pore borosilicates

Borosilicate zeolites CFI, CON, AFI and IFR were deboronated in a 0.01 M solution of HCI
(60 ml/g) at ambient temperature for 24 h. Deboronated zeolites were filtered off, washed out
with distilled water and dried at 65°C.

Impregnation with TBOTi occurred in 1-butanol solution at 45°C for 16 h. The deboronated
zeolite was activated at 450°C for 60 min, cooled in a desiccator and added to the mixture of
TBOTI and 1-butanol (158 mg TBOTi, 33 ml 1-butanol, 1 g of zeolite). Finally, the material
was calcined. Impregnation with TiCl, was performed similarly to the above procedure by a
solution of TiCly in dry toluene (0.47 ml of 1M TiCl,, 33 ml toluene, 1 g of zeolite).

Characterisation

The structure and crystallinity of zeolites were determined by X-ray powder diffraction using
Bruker AXS D8 Advance diffractometer equipped with a graphite monochromator and a
Vantec-1 detector using CuKa radiation in Bragg—Brentano geometry. Adsorption isotherms
of nitrogen (at -196 °C) were measured with Micromeritics Gemini instrument. Argon
isotherms (at -186 °C) were measured on a Micromeritics ASAP 2020 instrument. The
morphology of zeolite crystals was analyzed by SEM on a JEOL, JSM-5500LV microscope.
DR-UV/Vis absorption spectra were collected using Perkin-Elmer Lambda 950 Spectrometer
with 2 mm quartz tube and 8 x 8 mm slit. Chemical composition of the materials was
determined by ICP-OES ThermoScientific iCAP 7000 instrument.

Catalytic experiments

Catalytic activity of the prepared materials was investigated in selective oxidation of
cyclooctene, cyclodecene, norbornene, linalool, verbenol and a-pinene to corresponding
epoxides and methylphenyl sulphide (MPS), diphenyl sulphide (Ph,S) and dibenzothiophene
(DBTH) to corresponding sulphoxides and sulphones. The observed results were compared
with benchmarking materials (TS-1, Ti-BEA and Ti-MCM-36).
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Results and discussion

Two novel extra-large pore titanosilicates were prepared by means of hydrothermal synthesis
(Ti-CFI, Ti-UTL) and three large-pore titanosilicates (Ti-CON, Ti-AFI, Ti-IFR) were
prepared using two step deboronation — liquid phase titanium impregnation procedure. The
lowest Si/Ti ratio achieved in Ti-CFIl was 23; however not all the titanium was found to
occupy the framework positions.

The Ti-UTL was prepared with Si/Ti ratio 139 and majority of the titanium atoms located in
the framework positions. The presence of germanium-rich D4R units in its structure allows
dissassembly by hydrolysis into Ti-IPC-1P lamellar precursor and subsequent reassembly into
new titanosilicates Ti-IPC-2 (OKO structure) and Ti-IPC-4 (PCR structure) by means of
ADOR transformation. This is the first example of an ADOR transformation of a titanosilicate
material.

Post-synthesis titanium incorporation is an alternative to direct hydrothermal synthesis of a
titanosilicate. Titanium containing materials Ti-CON, Ti-AFI, Ti-IFR and Ti-CFIl were
prepared from corresponding borosilicate zeolites using a simple two step procedure. The DR-
UV/Vis analysis showed that samples impregnated with TBOTi contained mainly
tetrahedrally coordinated titanium species contrary to the TiCl, impregnated samples, where
also extra-framework and anatase-like species were present. However, there was no
significant difference in the epoxide yield provided by the catalysts prepared in the two ways
(vide infra).

Silica-titania pillaring was developed and applied in preparation of lamellar titanosilicate
materials. Pillared TS-1 catalysts were prepared from TS-1 nanosheets, using TEOS as a
pillaring medium. The pillaring treatment helps to preserve the mesoporosity of the material
and to keep the active centres accessible even for bulky molecules. TBOTi addition into the
pillaring medium helps to compensate the dilution of the active crystalline phase and
increases the Ti content in the material. We assume that an in-situ impregnation of the
titanosilicate layers with additional titanium centres occurs. Based on the catalytic testing of
materials with different Ti content, we conclude that an optimum composition of the pillaring
medium is TEOS/TBOTi ratio 20 for the pillaring of layered TS-1 materials.

The Ti-IPC-1P lamellar precursor, obtained by hydrolysis of Ti-UTL was swollen with
cetyltrimethylammonium hydroxide and subjected to silica and silica-titania pillaring. The
prepared materials Ti-IPC-1PISi and Ti-IPC-1PITi are purely mesoporous with well
accessible titanium sites located on the surface of the layers. In fact they combine the
advantages of both crystalline titanosilicate zeolites and mesoporous molecular sieves: (i) well
defined and stable active centres on the surface crystalline layers and (ii) excellent
accessibility of the active centres via mesopores.

The prepared materials were investigated as epoxidation catalysts for sterically demanding
substrates and in selective oxidation of bulky organic sulphides to corresponding sulphoxides
and sulphones. Namely cyclooctene, cyclodecene, norbornene, linalool, verbenol, a-pinene,
methylphenyl sulphide, diphenyl sulphide, and dibenzothiophene were oxidised with
hydrogen peroxide at mild conditions. Oxidising cyclooctene, it was found that there is no
difference in the yield of cyclooctene oxide between Ti-CON impregnated with TiCl, and
TBOTI solution. The Ti-CON (TiCl,) provided a higher selectivity (90% vs. 77%) although is
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contains extra-framework titanium species and some share of anatase phase. Silica-titania
pillared TS-1 materials provided increased conversion (18.6 — 21% after 4 h) as well as
selectivity (76-80%) in comparison with silica pillared TS-1 (conversion 8.5% after 4 h,
selectivity 58%). The Ti-IPC-1PITi catalyst provided cyclooctene conversion 26% and
cyclooctene oxide yield 19.5% after 1 h of the reaction being the most active of all the
prepared materials and one of the most active catalysts reported for epoxidation of bulky
olefins with hydrogen peroxide. Comparison of discussed catalysts is presented in Figure
2Figure 1.

25%
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Figure 2: Development of the cyclooctene oxide yield in time using diffrent titanosilicate catalysts

Cyclodecene oxide proved to be resistant toward epoxide ring opening under the testing
reaction conditions and thus high selectivity (95-97% at 10% conversion) and high yield (TS-
1-PITi 15%, Ti-IPC-1PITi 23% at 60°C after 4 h) were achieved in epoxidation of
cyclodecene. Conventional TS-1 provided yield below 1%.

Ti-CON (TiCl,) and TS-1-PITi were found to be the most selective catalysts for epoxidation
of norbornene providing 2,3-epoxynorbornane yield of 15.4% resp. 14.8% after 4 h and
selectivity of 76% resp. 56%.

In linalool epoxidation, a selective oxidation of C6=C7 double bond, which is more electron
rich. Subsequently, an acid catalysed intramolecular reaction of the hydroxyl group with
epoxide ring occurred forming linalool oxide. Ti-IPC-1PITi catalysts were the most active and
selective in this reaction providing conversion up to 46.6% after 4 h and selectivity to the final
linalool oxide 58%.

In oxidation of verbenol, the only product was verbenone. Epoxide selectivity in the oxidation
a-pinene did not exceed 20% using any of the catalysts and a complex mixture of different
products was obtained in all experiments.

Selectivity of the MPS oxidation to MPSO was driven by the diffusion rate in the catalyst.
The lower were the diffusion restrictions the higher was the selectivity. It was demonstrated
that the selectivity might be further increased by dosing of hydrogen peroxide to keep its
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concentration low during all the reaction. The Ti-IPC-1PISi catalyst exhibited an outstanding
activity in both MPS and Ph,S oxidations. TON = 1418 was observed after 30 min and MPS
conversion was 48% after 2 h what is similar to other lamellar titanosilicates (e.g. layered TS-
1 46% after 2 h), although the Ti content of the material is an order of magnitude lower (Si/Ti
= 480 (Ti-IPC-1PISi) vs. Si/Ti = 38 (layered TS-1)). We can, therefore, draw a conclusion
that in oxidation of bulky sulphides, the accessibility of the active centres is more important
than their amount.

Silica-titania pillared TS-1-PITi catalyst showed the highest potential among the tested
catalysts to act as an oxo-desulphurisation catalyst, easily oxidising the DBTH to DBTHSO,
(DBTH conversion 28% after 4 h). Conventional zeolites TS-1 and Ti-IPC-2 catalysts did not
provide any conversion of DBTH.

Conclusions

A group of new titanosilicates with the UTL, CFI, AFI and IFR topology was prepared using
direct synthesis or post-synthesis impregnation. ADOR transformation of Ti-UTL into new
titanosilicates Ti-IPC-2 and Ti-IPC-4 did not influence the titanium coordination state.
Pillared titanosilicates with MFI and UTL-derived topology of the layers were prepared and
they proved to be the most active epoxidation catalysts for epoxidation of bulky substrates as
well as for oxidation of sterically demanding organic sulphides.

We conclude the catalysts with most open structures and therefore the lowest diffusion
limitations and sufficient amount of the titanium centres (Ti-IPC-1PITi and TS-1-PITi)
provided the highest yields as well as the selectivity. Simple silica-titania pillaring treatment
improves the catalyst performance dramatically. We assume that similar titanium sites are
created upon silica-titania pillaring and liquid phase titanium impregnation. Furthermore, we
demonstrated that materials combining the advantages of crystalline titanosilicates and
mesoporous molecular sieves can be prepared by means of top-down zeolite synthesis.

Based on the observed catalytic results and DR-UV/Vis spectra, we support the opinion of
Sasaki et al. [5] and Guo et al. [19] that also titanium species other that the single tetrahedrally
coordinated one are active in oxidation catalysis.
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