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Abstract

Catalysis is extremely important to the energy production and utilization, the
chemical synthesis, and also to minimize the impact on environment. Epoxidation is
an essential process, as epoxides are necessary and widely demanded in organic
synthesis and industry. The design of epoxidation catalyst plays a vital role and lays
the primary base of catalytic epoxidation process development. In this work,
various first-row transition metal supported on molecular sieve catalysts were
employed in catalyzing the liquid-phase epoxidation reactions. The main objective

was to elucidate the pore structure effect of support on the catalytic performance.

To study the pore curvature effect and gain a better understanding on the pore
structure effect on catalytic reactions in liquid phase, vanadium supported
mesoporous catalysts with constant vanadium composition and chemical
environment on the pore wall surface but various pore structures were prepared
using a controlled atomic layer deposition (ALD) method. The V-TUD-1 catalyst
with a large pore diameter and a 3-D mesoporous structure showed the best
epoxidation activity among allt he catalysts using rert-butyl hydroperoxide (TBHP)

as oxidant.

Most of the currently available mesoporous materials are still not applicable to
industrial process because of their high cost in the synthesis and low stability. From
an engineering perspective, vanadium-containing NaX zeolite catalyst was
synthesized in this study using an ion-exchange method. The trans-stilbene and cis-
cyclooctene epoxidation reactions were carried out to evaluate the catalytic

properties. More than 95% conversion and the stilbene oxide selectivity of 85% can
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be achieved for rrans-stilbene epoxidation and 54 % conversion in the cyclooctene

epoxidation with selectivity of 96 %.

Optimization of the epoxidation process using a statistical method was also
tackled in this study. A well-established catalyst, Co**-NaX (cobalt ion-exchanged
faujasite zeolites) was adopted in optimizing the liquid-phase epoxidation using the
response surface methodology (RSM). An iterative RSM framework was proposed,
where Gaussian process (GP) regression models were applied for the approximation
of the response surface. As a result, GP models generally attained higher accuracy
of approximating the response surface, and thus provided greater chance to identify
the optimum. In addition, GP was capable of providing both prediction mean and

variance, the latter being a measure of the modeling uncertainty.



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Acknowledgements

I would like to sincerely thank my supervisor, Professor Yanhui Yang, for his
constant guidance and encouragement during the course of my research and writing
of this thesis. I cannot have completed the project without absorbing his enthusiasm
forc hemical engineering. 1 also greatly appreciate ProfessorT ao Chen forh is kind

instruction and advice on the study of response surface methodology.

Thankst o the memberso f Professor Yang’sg roup: Dr Qinghu Tang and Dr.
Dapeng Liu for their precious advice on my experiments. Mr. Zhen Guo and Ms.
Yuanting Chen for their helpful discussions and encouragements and Mr. Xianyang
Quek, Ms. Lusi Li, Ms. Beitian Chia, Ms. Sufen Xu, and Ms. Ying Bin Lau for their

help in the experiments.

I also would like to thank the School of Chemical and Biomedical Engineering,

Nanyang Technological University for the scholarship support.

Lastly, I want to thank my family, they have always encouraged me in the

pursuits and have provided much love and support.

il



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Table of Contents

AADSEIRCE s icusassis o537 SR TEHR by w s mms A e ey s S IR 8 AR OSSR KFS S S O RRaem AR R mvaneseymi]
ACKNOWIEAZEMENLS ......ooveevecviiiiieere ettt sttt ense e eeessesesseessesssesenneessssessersessenses 1
Table 0f CONENES ......c.everiiiirieietceiee sttt er e s e eae s v e s saereesseseeresseserecnssseresens IV
LASEOE PIDUIES (ivivasinniommiuisinvasisssisisisniassiaissimsiniesivisii s VI
3 L 11

Chapter ] Backeround and PRIOSOPRY .cuimacisaiminiiiissamssimasmesiisitissnssioid
1.1 Driving Force for Heterogeneous Catalysis in Epoxidation ............ccccciimimnnciciciininnans 1
1.2'Meésoporoiis Meterigls 8/SUPPOTt .auuannusnnanmmimisnvs s i aw i i s 2

1.3 Motivation of the Study on the Pore Structure Effect .........cccovcvvverniininniesrciese e 3

Chiapter 2 Literature ReVIEW .o ainvimismmisimaiansiiumamiivamasaisias 1
2.1 EPOXIAALION . ..cetieieir ettt stk ab bbb s s b s a s 7
2.1.1 Importance of Epoxidation and Industrial Applications..........c.ccoeviicriiiiiiniiciiiinnns 7

2. 2 Epoaation CatAlYSI i v smivavsssns s sa s v s s S S T 10

2:2- Mesoporois MBLETIAlS oo i i e s S R s s 12
2.2.1 Introduction of Mesoporous Materials ..........c..ccovcieiimecinniiiciimrci e 12
2.2.2 Synthesis of Mesoporous Molecular Sieves and Formation Mechanism.................. 16

2.2.3 Characterization of Mesoporous Molecular Sieves.........ccooveiiniiniciiiiiicnininne 20

2.3 Transition Metal Supported on Mesoporous Molecular Sieves ...........ccoccciiiiiinniiiiiinnns 21

Chapter 3 Techniques of Characterization and Synthesis .........c..ccoenieninvenecienninnnnnn. 31

3] Technlques i o e s 31

3.1.1 Nitrogen PhySiSOTPHON .....cceericrierireiremriere s a s 31



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

3.1.2 X-ray Diffraction (KXRID) :.ciiiiiiisminincoissmmsiismihsmmnmisststonsnaesissisessassrsnssrssasass 32
3.1.3 Diffuse Reflectance UV-visible SPECtroSCOPY.......c.cveveereverereririnseessemsarssesssessssennes 32
3.1.4 RAMAN SPECITOSCOPY ...coueurruerrreersivinunrernesnissessesssessessssassesessssesssssessessssesessesesseneses 33
3.1.5 Electron Paramagnetic Resonance (EPR).........cccovirviimieiicnrneiicissssiessessneesssenesnns 34
3.1.6 X-ray Absorption near Edge Structure (XANES)....c..c..ccccveumriivnnieiinnsenrcseeseeseeneenes 34
3.1.7 Hydrogen Temperature-Programmed Reduction (Ha>TPR) ........cccoevivveunienverennanenns 35
3.1.8 Temperature-Programmed Desorption (TPD) ......cccovrvvveeeieirenreecreeenreesreceersennnes 36
3.2 SYNTNESIS.....cueiiiiitiitin ittt bbb s e b e en e be s 37
3.2.1 MALETIALS ..ottt ea s bbb 37
3.2.2 Synthesis 6L MCM-41 and V-MEM-A1 .iiamiimisisisssssnssisssvissoissississs 37
323 BYThESIS OF BBATS uunuiu sousismiossinnsaisin suasitanihoussesoisntitens obiiiussshevsussessis s iesnsavsisss 38
324 Synithesis 6f TUB-1 s ivms i s asss s i S0 sy s 39
3.2.5 Vanadium Grafting Method......cciseiiiisnmmeressissmsssiasenorsibasionssssnisisistnssooviniioss 39
3.2.6 Synthesis of Vanadium Incorporated NaX Zeolites.........ccocevereresininneeensennnnenens 40

Chapter 4 Epoxidation of trans-Stilbene and cis-Cyclooctene over Vanadium

Grafted Mesoporous Materials with Different Pore Sizes and Structures .................... 43

ARl VEES CATAUIRTIZARION oo ravorrvssssesrssstneinmss saseess s souRons AN A A 2 SRS A 44
4.2 Catalytic Performance on Epoxidation of trans-Stilbene and cis-Cyclooctene ............... 52
4:2:1 trans-Stilbene B oxIdation. s st v s i s av i s s s ses i v 52
4.2.2 cis-Cyclooctene EpoxidatiOn i s isisn vremssiiaiiissmo s siiiizassiibiihag i 56
4.3 Discussion on the Pore Pore Structure and Pore Size Effect ............cccovviiiniiininiiinennns 59
4.4 CONCIUSION ...ttt bbb e se e e e s e s se e sensan s 61

Chapter 5 Preparation, Characterization and Catalytic Properties of Vanadium
Exchanged X Faujasite Zeolites for the Epoxidation Reaction of trans-Stilbene and

CIRAE POIOBCIERE i visissis st as T RS AATS C S PSR R s eNFssi A ks awises DD

5.1 Catalysts Characterization ...........ccocueiiuercreeseeriieesesssinssesesse s s e ssanssse s san s e esans 66



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

5.1.1 Degree of Exchange and Vanadium COntent................eeerereerererirsseseesssesesessssssnens 66
Do L2 RIYPRNN . o covinnonmanmmmveneansamsanss s s vt ve s seassivs s s S 67
5.1.3 Diffuse Reflectance UV-vis and UV-Raman SpectroScopy ..........ccoveveveevereeeecennns 69
S X AINES oo T e N AR T s Whns g doR PR s A anss o p s womsm s amessEmsass 71

5.2 Catalytic Performances in trans-Stilbene Epoxidation and cis-Cyclooctene

EPOXIAALION. ......ciiieiieieiriesiteser e st ssese e sa e e e a e easess s ssss s s sssesnnseasesennetensannnaenenes 73
5.2.1 Catalytic Performances in trans-Stilbene Epoxidation..........cccccecovevviiererencnrieinns 73
5.2.2 Catalytic Performances in cis-Cyclooctene Epoxidation...........c.cccceerereeccciinnanane. 78

S COMBIISION ;v avvuivnsvssvasismts i TR T A RS oA S A T G s 81

Chapter 6 Response Surface Methodology Using Gaussian Processes: Towards

Optimizing the rrans-Stilbene Epoxidation over Co®*-NaX Catalysts ......................... 84

6.1 Experimental cosvnniniiisimmn il iiuh s e inae i 90
6.2 Response Surface Methodology using Gaussian Processes..........oovvrvmirversrrsriesiesrsrcniens 91
6.2.1. Experimental Design through Latin Hypercube Sampling........cc.cocevvminivninnrininns 93
6.2.2. Gaussian Process Regression Modelling.......coccvvnrnimninsssninimmsnnneieinenn. 97
6:2.:3: M odel-based Region-searching ... iiiisvisniasiaismiia s s 100
6.2.4.M odel-based OptimiZation wiiuiiisimsinmainnimnunmiaiaisamin 103
6.3 Results and DISCUSSIONS. .....ccuminsmemsronssnssssissssissnssasssissvasassssisssssisinssnssvesssiovissnssrashasas 104
6.4 CONCIUSIONS....cveiiiviiiiiartisre vttt sttt sn b et sarssas b srsese e saesae e e sasessansnanaees 114

Chapter 7 SUMIMATY. ..., cuseemenersisssssrssmmsssssssssmsnssssesiisibisasiisisnsmmmsssininmarvmeny 118

APPENAIX. c.veiriireeierieiiiinseitesnereertesaesseessssesresnsstessnssssssssesssssessssssssnsessesssessessessanes 12 1

A.1 A non-Sodium Synthesis of Highly Ordered V-MCM-41 and its Catalytic

Application in ISOMETIZAMON . uisisi i immissivimusimasstsaisssssssssnssssatonsussuodivasissiaians 121
AT EXPerimental .......o.cooeeiiiiiiiiciiis st s s 123
A.1.2 Catalysts Characterization .........c...oeeeeieeeoeinenisininecnciisnsisas s sssssnssss 124
A 1.3 Heptene 1S OMEriZation . oo mesayersnmioissrs s sosessessismasisiosssvssesssoiassisss 138

vi



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

A AN USION s TR T s 144

A2 PUBlICMONS .iiissrcvissssinsinmmssssnsssmsmsassmamssmssmassrssaessansrsstess iiesisaspassiaismnsaspristiiasony 100

vii



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

List of Figures

Figure 2.1 the epoxidation process for cyclohexene, cyclooctene and trans-stilbene ..... 7

Figure 2.2 schematic explain of the propene oxide-styrene monomer process for the

production of pIopent OXidE, cuunmaammnnumsspmnasismmarTssseara g
Figure 2.3 Scheme for the allylic alcohols epoxidation by VO(acac),. ....co.eeveervervvennnnn 12

Figure 2.4. Pore models of mesostrucutres with symmetries of (A) P6mm, (B) las d,

(C)-Pman, (D) Prvom., (E) Fdstn , (E} FME M i assisosmssimsssssinso 1
Figure 2.5 TEM images of MCM-41, SBA-15 and TUD-1. .....cccvvuemeeverinniniinesseninnns 15

Figure 2.6 Two synthetic strategies of mesoporous materials: (1) liquid-crystal

templating process, (2) cooperative self-assembly..........coccverrieiiiinniiiniciiiniinnns 18
Figure 4.1 Nitrogen physisorption of various vanadium grafted mesoporous

IIERRERRANR . oo i ions o o3 AR RSN S RRRRSRSR et nrr D
Figure 4.2 XRD patterns of various vanadium grafted mesoporous materials (a) low

atigle (b) high angle [* = Va0l uumumimnainsnnsimvsssiaissiassisss |
Figure 4.3 (a) Diffuse reflectance UV-VIS spectra and (b) Raman spectra of various

vanadium grafted mesoporous materials. ......cc.iiiaiiiciiassisssiosiiassvssssissrsissions 49
Figure 4.4 Comparison of vanadium K-dege XANES regions for vanadium grafted

mesoporous materials and the reference compounds. ........cccocccecvvievciiisieciiinen 30
Figure 4.5 Conversion and selectivity of trans-stilbene epoxidation over V-MCM-

41, V-SBA-15, and V-TUD-1 with different vanadium loadings. The reaction

condition: 338K, 24N, 1 AtM...cc..ciecieiiiiiiiieirisiresseesesseesseesssaesessesssnessssessnsenssns D9

viii



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Figure 4.6 Conversion and selectivity of rrans-stilbene epoxidation over 3V-MCM-
41, 3V-SBA-15, and 3V-TUD-1 with reaction time. The reaction condition:

338K, 1 atm and 3wt% vanadilm. .........occeeivveeieieeeeeeenneeeeeeeseeesesssessnsessnessnness 34

Figure 4.7 Conversion and selectivity of trans-stilbene epoxidation over3V-MCM-
41, 3V-SBA-15, and 3V-TUD-1 as a function of temperature. The reaction

condition: 24h, T atm, 3 Wt.% vanaditm. .......cco.eeeeiirieieeeiieeeeiieseeeeeeeeeessreeseneens 55

Figure 4.8 Conversion and selectivity of cis-cyclooctene epoxidation over V-MCM-

41, V-SBA-15, and V-TUD-1 with vanadium loadings. The reaction condition:

338K, 24N, TAM. 1eeveeeeeeeerriveeecereeerennreeererereeenssanessssssessessnneessemmseeersnsnsesssnasserssanes 56
Figure 4.9 Conversion and selectivity of cis-cyclooctene epoxidation over 3V-

MCM-41, 3V-SBA-15, and 3V-TUD-1 with reaction time. The reaction

condition: 338K, 1 atm, 3 wt. % vVANAIUM. ..vveerevieriiiiirnrieeereriesisssnrereesssssnseesens 57
Figure 4.10 Conversion and selectivity of cis-cyclooctene epoxidation over 3V-

MCM-41, 3V-SBA-15, and 3V-TUD-I as a function of temperature. The

reaction condition: 338K, 24h, 1 @M. ......c.cceevviiiiieiiiniriiieeecreeereesneesrseesanaesnes 98
Figure 4.11 Pore structure and pore size effect on the trans-stilbene and cis-

cyclooctene epoxidation. All the results were abtained under the codition of

338K, 24h, 1 atm and 3 wt. % vanadium. ......ccooruereeererierinsrnmeeereersassrieeess s s eienes 60
Figure 5.1 XRD patterns of the V-X and V-X(C) samples,t he signal of NaX shown

at the bottom was assigned to ZEOIIE X.....ccccevviirirrieriineiiiree e 68
Figure 5.2 (a) UV-Vis spectra of the V-X and V-X(C) samples; (b) UV-Raman

spectra of V-X atid V-X(C) 38mples. ...c.uiamnnmissssmpsssssissivessonsisssssninisassansss 09
Figure 5.3 The normalized XANES spectra at V K-edge for reference compounds,

6V-X, 6V-X(C) as well as the used samples 6V-X-A and 6V-X(C)-A. ............... 71



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Figure 5.4 (a) trans-stilbene conversion on V-X and V-X(C) samples with different
vanadium loading; (b) selectivity of tran-stilbene oxide, benzaldehyde, and
benzolic acid over V-X and V-X(C) samples with different vanadium loading.

The reaction condition: 338K, 24h, 1 QM. ..ccceevuerueeeeiiieeeeeeeeseseesseseereeesessssseens 74

Figure 5.5 (a) trans-stilbene conversion change with different time over V-X and V-
X(C) samples, (b) selectivity of tran-stilbene oxide, benzaldehyde, benzoic
acid over V-X and V-X(C) samples with different time. The reaction codition:

338K, 1 atim, 3 Wi.% VARADIIM. . oonmpinaimmmimasmisimisaimsmasnisms: 70

Figure 5.6 (a) trans-stilbene conversion change with different temperature, (b)
selectivity of tran-stilbene oxide, benzaldehyde,benzoic acid with different

temperature. The raction condition: 24h, 1 atm, 3 wt.% vanadium. ...........cccueneee 77

Figure 5.7 The influence of vanadium content on (a) cis-cyclooctene conversion

and (b) cyclooctene oxide selectivity. The reaction condition: 338K, 24h, latm.

Figure 5.8 (a) cis-cyclooctene conversion with different temperature, (b)

cyclooctene oxide selectivity with different vanadium content. The reaction

condition: 24h,.1 ‘atin, 3 WEY VANATIIM. ...cuiamimsaimsssimiiiesssorsiss 79
Figure 5.9. Activation energy calculated by Arrhenius plot, the activation energies

for epoxidation of trans-stilbene are 33.37 kJ/mol and 43.15 kJ/mol on 3V-X

and 3V-X(C) respectively; the activation energies for epoxidation of cis-

cyclooctene are 85.5 kJ/mol and 51.16 kJ/mol on 3V-X and 3V-X(C)

respectively. The test reaction: 1 atm, 24h.............coivivisiansiiessesnsssisassisenssessncssesss 0
Figure 6.1 Illustration of incremental LHS using one design factor within the range

of [0 1]. (a) Initial two design points (denoted by “x”) generated by LHS. (b)



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Two additional design points (denoted by “0™) generated by one more run of
LHS; they are close to the initial points and do not provide desired overall
coverage of the range. (c) Two additional design points generated by

incremental LHS
Figure 6.2 Prediction results (the firsti teration) using leave-one-out cross-validation

for GP (RMSE=5.42,R *=0.85, NLPD=6.07) and quadratic regression

(RMSE=7.66, R’=0.70, NLPD=8.52) MOMelS..........crvrrvrrrrrrerrerssmressmsrsssennenenns 107
Figure 6.3 Prediction results (the second iteration) using leave-one-out cross-

validation for GP (RMSE=3.77, R*=0.96, NLPD=3.06) and quadratic

regression (RMSE=5.31, R>=0.92, NLPD=3.60) models. ........c.....cccerurererrurur. 112
Figure 6.4 The response surface of conversion as a function of temperature and (a)
oxygen pressure (b) stilbene conversion (c) stirring rate and (d) reaction time...113
Figure A.1 X-ray diffraction patterns of Si-MCM-41 and V-MCM-41: (a) Si-MCM-

41 synthesized with different amounts of ammonia; (b) V-MCM-41 with

different vanadium CONLENt. ...........coevvevuienereniiserescese e sceissesessssssensanes 123
Figure A.2 Nitrogen physisorption of V-MCM-41with different vanadium loading

(a) isotherm graph of Si-MCM-41, 1V-MCM-41, 2V-MCM-41 and 3V-MCM-

41 (b) Pore size distribution of Si-MCM-41, 1V-MCM-41, 2V-MCM-41 and

IVEMCVE L cosisnisvmmiamaaaiisimmsarso s i svs e svvessssdvia 126
Figure A.3 UV-vis spectrum of V-MCM-41, (a) absorbance graph of V-MCM-41 (b)

UV absorption edge of V-MCM-41. ......covveeevnicireennennsscssenesssssssssssessenanes 130
Figure A.4 Raman spectra V-MCM-41 materials............ccccoconininviniiinrninicnennnnn 131

Figure A.5 EPR spectra (1% derivative) of 0.2V-MCM-41, 1V-MCM-41, 2V-MCM-

41, and IV-MOM-AAL cnuasssimssisnmnummnmninsmaansisvsniiiias 193

Xi



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Figure A.6 Hy-TPR profiles of impregnated vanadium on differentc atalysts.
(a),(b),(c),(d) represent impregnated V/MCM-41, 1V-MCM-41, 2V-MCM-41,
Figure A.7 NH3-TPD results of V-MCM-41 materials...........c.ccooeereerecreirniisreevneen. 136

Figure A.8 (a) XRD patterns of 1V-MCM-41 before and after reaction of heptene
isomerization. (b) Isotherm graph of 1V-MCM-41 before and after heptene
isomerization reaction (c) Pore size distribution of 1V-MCM-41 before and
after heptene isomerization reaction. A represents the sample before reaction
and B represents the sample after reaction............ccccovveniviiniciiiiiiiiinnnn 137

Figure A.9 Catalytic results about the conversion and selectivity of heptene isomers

by Si-MCM-41, 1V-MCM-41, 2V-MCM-41 and 3V-MCM-41. ..........ccceeveuene. 139
Figure A.10 Linear relationship between Ink vs 1/T for V-MCM-41........................ 140

Figure A.11 Conversion and selectivity of isomers with different WHSV (0.5h, 1h°

L 2 0l ZVEMEMAL; snvisasivsessssmsissniissmssnsssiisemsssasssiss 142

Figure A.12 Conversion and selectivity of isomers over long time test on 2V-MCM-

4] ANACEDIBK.. ... rnnennnsspmmmeneiiin s i s T R S 143

xii



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

List of Tables

Table 4.1 Physical properties of various vanadium grafted mesoporous materirals...... 46

Table 4.2 Energy positions of various spectral features in the V K-edge XANES

SPECER 1. - iistiismmnansrivisssonssnnsansssssnssnpenssesssssassssssasesssssnpsssansesssssenstansinsns s sesnestsynsy I}
Table:5.1. Vansdmm Content in Samples.. uansnsmmasssmnmsssivsaimis s 0T

Table 5.2, Energy positions of various spectral features in the V K-edge XANES

SPOCITR wuciuovsvvvsimiviaes s e s T s TS S e L B T bR TR Tas 72

Table 6.1: The process factors. The response variable to be maximized is the

stilbene conversion (W) nsmnnnmnvrsmnmnerTerTe a8

Table 6.2: Designed experiments and resultant stilbene conversion y (%): the first

TEETALION. 1eeveeirreeerereeeeesseeeeessssesssssnsaassssnsnsssssssssssssnsssssssnnnnssssnnsssssnsnnsssssnnseessssnnees |04

Table 6.3 Designed experiments and resultants tilbene conversion y (%): the second

TEETALION. 1o.veivericriiseetesreessesesseesesessersesessessenssseeseensetessasnssssssessessessssansssransasssnsas 10O
Table A.1 List of physicochemical properties of Si-MCM-41 and V-MCM-41......... 127

Table A.2 List of Edge Position of V-MCM-41 samples and the standard samples. .. 128

xiii



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 1 Background and Philosophy
1.1 Driving Force for Heterogeneous Catalysis in Epoxidation

As a highly “strained and reactive cyclic” ether, epoxide has been named “the most
valuable organic intermediates”, since the discovery of alkene epoxidation in 1909.'
Epoxides have been playing a crucial role in synthetic chemistry,”> chemical
intermediates production,’ and the synthesis of a variety of products, e.g., perfume
materials, epoxy resins, plasticizers, drugs, anthelmintic preparations.* However, the
conventional alkene epoxidation process, e.g., chlohydrin process for propylene oxide,
has the drawbacks in expensive source materials, long production period and toxic to
environment. Thus recently built industry processes for epoxidation mostly have chosen
hydroperoxide process technologies, which are setup based on the peroxidation of an
alkane to alkyl-hydroperoxide and subsequently the alky-hydroperoxide with alkene.
However, a disadvantage of this method is the production of a large amount of co-
product. Therefore, searching for an environmentally friendly and efficient catalytic
process to replace the use of stoichiometric oxidant, to minimize the formation of by-

products, and to reduce the energy consumption will be enormously practical.

Metal-catalyzed alkene epoxidation has received gradually increasing attention, both
in chemical synthesis and industrial processes, since the innovation of the “sharpless”

5713 were studied in catalyzing the epoxidation

epoxidation.>® Many metal complexes
among which mostly were homogenous catalysts. Recently, environmental and
economic concerns have put up strong demand to re-design the commercially

significant epoxidation processes, the use of toxic materials and the formation of

harmful waste should be avoided.” Heterogeneous catalysts which can be easily
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recovered will meet these requirements. As such, applying heterogeneous catalystsi n
the metal-catalyzed epoxidation would be able to play a key role in the future

development of environmentally benign process of alkene epoxidation.
1.2 Mesoporous Materials as Support

In 1980s, the discovery of TS-1 titanium silicate molecular sieves was recognized as
a significant breakthrough to the alkene epoxidation.® The catalytic technology,
employing TS-1 as catalyst and H,O, as oxidant, received progressive attention in the
following years. However, the TS-1 molecular sieves are microporousm aterials, and
they are not suitable for handling bulky reactant molecules as the restraint of the pore

diameter, which limits the application of TS-1 in the fine chemical synthesis industry.

In 1991, Mobil researchers synthesized a large family ofm esoporous silicates and
aluminosilicate, currently known as the M41S mesoporous molecular sieves including
hexagonal MCM-41, cubic MCM-48 and laminar MCM-50.° Subsequently, the
synthesis of various of mesoporous molecular sieves were reported, for example,
HMS,'® SBA-15,'"" TUD-1,"* and MSU." All these reported mesoporous materials
possess high specific surface area and large pore volume. Furthermore, the pore size and
pore structure can be easily controlled by changing the synthesis factors. Modification
of these mesoporous molecular sieves was achieved by incorporating a wide spectrum
of metal cations, such as AL'*" Ti,'>1® Zr,24%% v.'7 Co,"® Ni," or Fe® due to their
amorphous silica wall structure, thus leading to materialsw ith acidic, basic or redox
catalytic properties. The epoxidation reaction was also widely investigated using the
metal supported mesoporous molecular sieves due to their relatively larger pore size

compared to zeolites. Vanadium, niobium and titanium modified mesoporous molecular
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sievesw ere employed asc atalysts for propylene epoxidation.’’ Zr and Mn bimetallic

mesoporous catalysts were investigated in the epoxidation of styrene.*

1.3 Motivation of the Study on the Pore Structure Effect

Extensive literatures now exist on the effect of uniform micropore structure on the
activity and selectivity.”> How the uniform nanoscale pores affect the catalytic activity
and selectivity remains as an ambiguous question. Recently, the radius of curvature of
the pore wall effect on the catalytic reaction has been reported in the gas phase reaction
over MCM-41.2% The change of pore size result in a curvature difference to the active
sites located on the mesoporous supports. A small change in local geometry may have
remarkable effect on the atomic properties that would subsequently affect catalytic
activity. However, no consistent conclusion on this issue was drawn for the liquid-phase
catalytic reaction which is widely used in the large organic molecules transformations.
With a carefully chosen model reaction, this curvature effect on liquid phase reaction
can also be probed as the different catalytic performance. The elucidationo f this
curvature effect on liquid phase reaction will be able to provide helpful insight into the
rational design of catalyst. In this thesis, liquid phase epoxidation reaction was
employed as a probe reaction to investigate the radius ofc urvature effect. In order to
overcome the doubts that other structural parameters may also have effect on the
catalytic activity and selectivity in the study of radius of curvature effect, the
mesoporous molecular sieve catalysts were prepared in such a way that the metal

contentw as regulated constant while varying the pore diameters and pore structures.

As numerous types of mesoporous materials were found in the past two decades, the
catalytic performance using mesoporous support has already attracted much attention.”

32 Besides those reported striking catalytic results, employing mesoporous catalysts
3
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enables us to reveal the effect of pore diffusion on the catalytic liquid phase reaction.
The diffusion of reaction mixture in the confined nano-channels can beo neo f the
limiting steps in a catalytic reaction in liquid phase; different pore structures would act
differently in the reactant transport. MCM-41 and SBA-15 are two dimensional (2-D)
hexagonal pore structures with difference in the pore size. The newly discovered
mesoporous material TUD-1,* possesses three-dimensional (3-D) silicate network with
disordered open pore structure. The difference in catalytic performance using MCM-41,
SBA-15 and TUD-1 as catalyst support, can be the probe for the pore structure effect
during the catalytic reactions. To avoid the difference in metal dispersion and chemical
state, the atomic layer deposition is used to form similar metal composition and local

environment on different support surfaces.
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Chapter 2 Literature Review

2.1 Epoxidation
2.1.1 Importance of Epoxidation and Industrial Applications

Epoxides are among the most useful synthetic intermediates for the manufacturing
of various chemical products, such as perfume, surface coating materials; epoxy resins
adhesives, plasticizers and pharmaceutical products.'” Small alkene epoxides are
fundamental organic-industry materials. Notably, propylene oxide is the main source of
polyether polyols which are used for the production of (polyurethane) foams. In
addition, propylene oxide has also been applied for the production of propylene glycol
and propylene glycol ethers." In the other category, large alkene epoxides, e.g.,
cyclohexene oxide, cyclooctene oxide and trans-stilbene (epoxidation process with
catalysts and tert-butyl hydroperoxide (TBHP) is shown in Figure 2.1), are important

intermediates in the fine chemical synthesis industry.

Catal sts Cutaysis s
T BIIP TBHP

TBHP

Figure 2.1 the epoxidation process for cyclohexene, cyclooctene and frans-stilbene
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In the past decades, epoxidation processes have received great attention int he
catalysis community. The mainstream epoxidation technologies are chlorohydrin
process, hydroperoxide processes, silver catalysts and hydrogen peroxide combination,
among others.” In the chlorohydrin process, chlorohydrin is produced by reacting alkene
with hypochlorous acid (HOCI). Then the chlorine reacts with acid to generate
hypochlorous acid in aqueous phase.® The chlorohydrin is afterward dehydrochlorinated
to produce the epoxides using aqueous potassium hydroxide. The chlorohydrin process
is processed to adapt the Wilkinson synthesis for ether.” This route has been the chief
process for the production of epoxides for years, especially ethylene oxide and
propylene oxide. However, the chlorohydrin process causes serious environmental
pollution and it has been gradually replaced by more environmentally friendly
hydroperoxide processes, which is based on peroxiding an alkane to an alkyl-
hydroperoxide. The alkyl-hydroperoxides subsequently react with the alkene and
produce epoxide and a corresponding alcohol. Two variants of the process are currently
applied commercially. One is the epoxide styrene monomer process.”” In this process,
ethylbenzene hydroperoxide formed by oxidation of ethylbenzene, reacts with alkene to
produce epoxide and a-phenyl ethanol, andt he a-phenyl could form styrene after
dehydration. The other process ise poxide ferr-butyl alcohol process.''" Isobutene is
oxidized to TBHP in this process, and TBHP reacts with alkene to produce epoxides
and fert-butyl alcohol. By dehydration, the rert-butyl alcohol is converted to isobutene,
which can be further transformed to methyl-fert-butyl ether (MTBE) with methanol.
Compared with chlorohydrins process, hydroperoxide process is clearly more desirable
in terms of higher selectivity and less waste produced. However, the major disadvantage

is the production of byproduct that is not associated with epoxides in the markets.
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Figure 2.2 depicts a typical scheme of hydroperoxide process exemplified by the

propylene oxide-styrene monomer process for the production of propylene oxide.’ In

| _I spent

ethylbenzene catalyst

air

Figure 2.2 schematic explain of the propene oxide-styrene monomer process for the

production of propene oxide.’

the first step, ethylbenzene or isobutene is converted to its corresponding hydroperoxide
through direct liquid-phase oxidation with oxygen or air. In the second reactor, the
hydroperoxide reacts with propylene to produce propylene oxide in the presence of
catalyst. The silver catalyst is widely adopted in the production of ethylene oxide
following a direct oxidation route.'> Usually, a fixed-bed reactor is setup to epoxidize
ethylene at 500 K and 30 bar. The silver catalyst has a high silverl oading supported on
a low-surface area metal oxide aso pposed to microporousm aterials, which typically
give poor yield due to the difficulty of heat transfer inside the particles and further
oxidation ofe thylene in the pores.'? In principle, thism ethod is equally applicable to

produce epoxides other than ethylene oxide. However, no success has been reported to
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prepare a silver catalyst in other epoxidation processes.’ Hydrogen peroxide
combination process has been developed recently in the production of epoxides.'* Due
to its high cost, hydrogen peroxide may not be an ideal oxidizing agent for commercial
epoxidation; yet the process is promising if the hydrogen peroxide can be produced in-
situ. Most hydrogen peroxide is currently produced by the anthrhydroquinone
autoxidation process.'* Besides the afore reviewed methods, other processes are
available for epoxidation using, e.g. nitrous oxide, molten salts and gold-titanium
catalysts, though their effectiveness is not satisfactory so far. However, improvements

are being made continuously and may lead to novel epoxidation processes in the future.
2.1.2 Epoxidation Catalysts

Catalysis by metal complexes and metals on support serves an important role in
epoxidation. Many transition metal catalysts have been studied overt he last few years,
whereby titanium has attracted significant interest for catalyzing epoxidation.'”'” The
titanium(IV) catalysts is applicable to the epoxidation of alkenes with varying molecular
weights, including those of biological interest.'>'*?" Titanium(IV) catalysts are
characterized as Lewis acid in their highest oxidation state. The titanium(I'V) hasl ow
redox potential'® and is able to coordinate with ligand substitution.'® The titanium(IV)
complexes can enhance the heterolysis of alkyl peroxides and of hydrogen peroxide by
forming complexes similar to the inorganic peracid formed with hydrogen peroxide.'”
The titanium (I'V) alkoxides catalyzed epoxidation with alkyl hydroperoxide relatively
slow and byproducts formed by adding fert-butyl peroxide radicals to the substrate are
often observed.”” These problems have been solved by developing the heterogeneous
four-coordinate titanium centers in the microporous siliceous frameworks.*'** The Ti-
containing silicalite zeolites (TS-1) have a small pore size of 5.5A and are relatively

10
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more reactive toward terminal alkenest han toward Z-alkenes. Furthermore, modified
TS-1 catalyst allows the epoxidation of E-isomers.” The Ti-MWW (a zeolite with large
10-membered ring, also termed MCM-22) mediates the epoxidation of linear aliphatic
alkenes (carbon number range six to eight), and the process is selective towards E-
alkenes (as opposed to Z-isomers)a s the result of largerp ore size."> Severals tudies on
epoxidationo ver zirconium (Zr) and hafnium (Hf) catalysts have beenc onducted.
However, lowery ield of epoxides was observed when TBHP was employed as oxygen

4
donor.’

Vanadium is probably one of the most important transition metalc atalysts used for
epoxidation with TBHP.” The reactivity of vanadium (V) in catalyzing epoxidation is
similar to that of titanium (IV). The stereochemistry of epoxidation catalyzed by the

oxovanadium-ligand complexes is mostly dependent on the ligand present in the

26,27 28-33

complex. The oxovanadium ions were also incorporated into polymer resins
attached to acetylacetone, ethylenediamine, pyridine, dithiocarbonato, aminodiacetic
acid, phosphonomethyl and hydroxymethyll ingands.?**'** The vanadyl ion can also be
immobilized on sulfonated ion-exchange resins.*® For alkene epoxidation with TBHP,
immobilized oxovanadium catalysts typically outperform homogeneous oxovanadium
complexes.”” The epoxidation of allylic acohols over VO(acac), with alkyl
hydroperoxide provides a useful route to synthesize epoxy alcohols.'®**** The scheme
about VO(acac), diastereoselectivity epoxidizes allylic alcohols to epoxy alcohols with

TBHP and m-chloroperbenzoic acid is shown in Figure 2338

Other transition metals such as Mo, Co, Mn also attracted attention for epoxidation.
Molybdenum (VI) complexes are good catalysts for epoxidation with alky
hydroperoxide as oxidant,*® however, molybdenum catalysts show low turnovers and

11
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3940 Cobalt complexes are effective catalysts for

selectivity using H,O; as oxidant.
autoxidation and some of the work in alkene epoxidation is related to the autoxidation
using molecular oxygen.">*! Co(acac), and Co(acac); can catalyze the epoxidation with
TBHP though low yields and long reaction time.*? The manganese (Mn) complexes are
also efficient catalystsf or alkene epoxidation mainly in the systems wit-h biologically

relevant manganese porphyrins.'”**#* Other metal catalysts can refer to the review

paper published elsewhere."’

R' R?
cal. VO(acac),, +-BuOOH
R’MOH PhH

R‘ R’ H1 3
Rz’in\OH * Hz/l\/kOH
major
H OH I-% OH H OH
cat. VO(acac),, +BuOOH |
(CHa)a | — = (CHgn [50 + (CHa) |20
major

Figure 2.3 Scheme for the allylic alcohols epoxidation by VO(acac)z.“
2.2 Mesoporous Materials
2.2.1 Introduction of Mesoporous Materials

Porous materials created by nature or by synthetic design have great impact in
human activity.*® Overt he past decades, significant progress has been made to design,
synthesize, characterize and evaluate various molecular sieves (most notably zeolites),

and successful application on catalysis, adsorption and separation has been

12
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demonstrated**™* Bicontinuous phase has been employed to “orient the organic species
which are then photopolymerized”.”® The elimination of the unpolymerized components
results in porous monoliths. This process establisheda new methodology for self-
assembling microstructure. Based on this concept, it became possible to insert large
organic molecules into layered clays to create novel porous materials with controllable

pore size.”!

Furthermore, the nanocomposite can be synthesized by using the
cooperative organization of inorganic and organic molecular species.’> A new family of
mesoporous molecular sieves, M41S, has alsob een discovered through formulating
novel inorganic materials.” After that, a large variety of mesoporous materials with

54

different mesostructures®™ (two-dimensional (2-D), space group p6bmm, three-

dimensional (3-D) hexagonal P63/mmec, 3D cubic Pmym, Pmsn, Fdsm , Fmym, Im7m,

55-59

bicontinuous cubic la 7 d, etc.) and compositions (silica, metal oxides, metal

6152) have been synthesized and some

sulfides,”® metals, and even polymers and carbons
of them are shown in Figure 2.4. There are also some other mesostructures which
cannot be defined by unit cell, symmetries, and space groups, such as HMS,** MSU,*
KIT-1, TUD-1,® and AI-MMS®" mesoporous silicates. They showd isordered
mesopores and amorphous pore walls and are named foam-like or worm-like

mesoporous molecular sieves. These disordered mesostructures can probably be

described as randomly packed shorti nterconnected 1-D pmres.68

At least five aspects are different in the structure and composition between
mesoporous silicates and zeolites.>® (1) Zeolites are crystalline silicates or
aluminosilicates with 3D framework structures, and they are also inorganic crystals on
the molecular scale. Mesoporous materials possess a periodic arrangement of a moiety
and show well-defined diffraction spots on the mesoscale. (2) Zeolites are formed by

aluminosilicate tetrahedron (TOs) networks, while the pore walls of mesoporous
13
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materials are amorphous. Hexa-coordination octahedron (TOg) and penta-coordination
trigonal bipyramid (TOs) are allowed in mesoporous materials. (3)T he TO4 units of Si
and Al in zeolites are normally four-connected by covalent bonds. But nota 1l SiO4 units
in mesoporous silicatesa re four-connected. Three-connected and even two-connected
SiO4 units can be detected, and this lead to a hydrophilic surface with more hydroxyl
groups (Si-OH). (4) Zeolites are hydrothermally stable, whereas some particular
mesoporouss ilicates materials are unstable in water or steam. (5) Though significant
effort has been attempted to synthesize mesostructured materials with zeolite-type

69,70

walls, there has been little achievement with reproducibility.

A

Figure 2.4. Pore models of mesostrucutres with symmetries of (A) Pémm, (B) lasd, (C)

Pmyn, (D) Pm5m, (E) Fd5 m, (F) Fms m.>*

MCM-41 materials are most widely studiedo nes among the many mesoporous
materials reported to date, since they are flexible to produce by adjusting synthesis

conditions, pore size and “framework” composition.”'*" They havet wo-dimensional
14
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hexagonal ordered structures with uniform mesopores. The other well-studied
mesoporous materials are the family of SBA, which can be synthesized by using a
triblock copolymer as a structure-directing agent under acidic conditions.**** The
salient feature ofS BA is the hexagonal array ofun iform tubular channels. Compared
with MCM-41, SBA’s pore diameter is much larger (in the range of 5-30nm), a property
reducing diffusion resistance. Furthermore, SBA’s thicker pore wall provides higher
thermal stability and hydrothermal stability than MCM-41. TUD-1, with disordered 3-D
sponge-like mesopore structure, is a recenta ddition member to the mesoporous material
family.'”%**" Dissimilar to amorphous silica, 3-D pores in the disordered mesostructures
are interpenetrating, uniform, and adjustable. Furthermore, the uniform pores, high
surface area, easy modification, and thermal stability offer good opportunities in
catalysis, adsorption, separation, and immobilization. The TEM images of MCM-41,

SBA-15 and TUD-1 are shown in Figure 2.5.

Figure 2.5 TEM images of MCM-41, SBA-15 and TUD-1.*"*%

15
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2.2.2 Synthesis of Mesoporous Molecular Sieves and Formation Mechanism
2.2.2.1 Synthesis of Mesoporous Molecular Sieves

MCM-41 is one of the most popular mesoporous molecular sieves, and the synthesis
is essentially similar to the synthesis of traditional zeolite and molecular sieve. The
basic steps include mixing organic surfactants, silica, and/or alumina source to generate
a supersaturated solution, and the mixture’s temperature should be kept at a certain
value for certain duration. In a typical MCM-41 synthesis, an aqueous solution
containing silica source (e.g., fumed silica, sodium silicate, tetraethyl orthosilicate or
tetramethylammonium silicate) is added to a clear alkaline aqueous solution of a

38485 Qurfactants, e.g.,

micelle-forming surfactant under constant stirring.
CnHan+1(CH3)sN™ (n=8-12) or CoH2n1CsHsN' (n=12 or 16), which have a hydrophilic
head group and a hydrophobic tail group, serve the purpose of agents for structure-
directing. The silica source is hydrolyzed and condensed to form multidentate,
multicharged anions that can coordinate with the surfactant head groups. The silica
species and the surfactants assemble into a silica-surfactant phase, and formed a mixture
of gel. The pH is adjusted (in the range of 8-11). After a period of time, the silica
condenses to form a siloxane framework. The gel is transferred into a Teflon-lined
autoclave or polypropylene bottle and heated under autogenous pressure in an airo ven
or in a steam box at a certain temperature for selected period of time. After
crystallization, the solids are filtered and washed with deionized water, and then the

. 53
template is removed.**>86-58

The synthesis of mesoporous silicas SBA-15 is different from the synthesis of
MCM-41. A well-established procedure of SBA-15 synthesis is described as follow.*

Triblock copolymer (poly(ethylene glycol)-block-poly(propylene glycol)-block-
16



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

poly(ethylene glycol)) is typically used as template. The first step is to dissolve the
triblock copolymer in wateru nder vigorous stirring. Upon dissolving, the HCI solution
is added into the solution to obtain acid environment. Following that, tetraethyl
orthosilicate is added into the mixture and stirred over a controlled time under
controlled temperature, usually between 35 to 80°C. Afterc rystallization and filtration,

the SBA-15 is prepared.

Disordered mesoporous TUD-1 is synthesized following a surfactant-free
procedure.*® Tetraethylorthosilicate (TEOS) and triethanolamine (TEA) are mixed to
form a homogeneous mixture. With aging and drying in air, the mixture solidified and
formed a gel. Hydrothermalt reatment is carried out to change the gel to a mesoporous
structure. After remove the template via Soxhlet extraction or via calcination, TUD-1

mesoporous silica is obtained.
2.2.2.2 Formation Mechanism

Different from the traditional preparation of zeolites and molecular sieves template
by a single organic molecule or metal ion, the formation of MCM-41 uses surfactants
with an alkyl chainl engthh aving more than six carbon atoms. Therefore, a large
number ofs tudies have been carried out to investigate the formation and assembly of
mesostructure on the basis of surfactant self-assembly.sg Two main mechanisms, the
cooperative self-assembly mechanism and liquid crystal templating (LCT) mechanism,

seem to be plausible in the synthesis of ordered mesostructures, as shown in Figure

48,54,90-92
2.6.™
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Figure 2.6 Two synthetic strategies of mesoporous materials: (1) liquid-crystal

templating process, (2) cooperative self-assembly.>

In the LCT mechanism, initially proposed by Beck et al.** the surfactants used for
the preparation of mesostructures are amphibian molecules with a hydrophilic head
groups face out to the surrounding water to minimize the total surface energy, leading to
the formation of spherical micelles or micellar rods, as shown in Figure 2.6 (I).
Importantly, within the LCT mechanism, the liquid crystalline mesophases (or micelles)
serves the purpose of structure-directing templates, and thus the final product is a
silicate skeleton that contains voids with the shape of these mesophases. There are two
plausible pathways for the formation of mesostructure. First, the liquid crystals form in
the surfactant solutiona nd the added silicate condenses on the hydrophilic heads,
leading to the formation of the wall of mesostructure. Second, the micellar rods resulted
from the interaction and combination of surfactant molecules with siliceous species
encapsulated by the inorganic phase, aggregate to form ordered structure. The influence
of alkyl chain length and the increase of the pore diameter by adding mesitylene have

been viewed as strong support to the LCT mechanism.”

18
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Kuroda, Inagaki and co-workers proposed a layer-to-hexagonal mechanism
according to which the mesostructure is formed from a layered precursor.’'”* However,
the mechanism is not general because the layered intermediate is unnecessary in the
formation of hexagonal mesostructure in MCM-41. A “silicate rod assembly”
mechanism was postulated by Davis and co-workers.” According to this mechanism,
twoo r three monolayers of silicate species first deposit on the isolated surfactant
micellar rods, the long surfactant-silicate rods then aggregate and pack into a long-range
ordered hexagonal arrangement. Zhou and co-workers gave weak evidence for this
mechanism for their observation on a single rod on the edge of samples at different
synthetic stages using TEM.* However, this mechanism is still unconvincing due to the
difficulty of assembling long rods. Stucky and co-workers proposed a cooperative
formation mechanism (as shown in Figure 2.6 (2)) and this mechanism has been
accepted by most researchers.”>”” The cooperative self-assembly process is established
on the basis of the interactions between silicate and surfactants tof orm inorganic-
organic mesostructured composites. Silicate polyanions such as silicate oligomers
interact with positively charged groups in cationic surfactants. The silicate species at the
interface polymerize, cross-link and change the charge density of the inorganic layers.
In the reaction, the arrangements of surfactants and the charge density between
inorganic and organic species influence each other. Hence the compositions of
inorganic-organic hybrids differt o some degree. The matching of charge density at the
interfaces of surfactant/inorganic species is crucial to determine the assembly process.
The final mesophase is the ordered 3-D arrangement to reach lowest interface energy.

This mechanism with different surfactant has been studied using NMR techniques.”®

The cooperative formation mechanism in a nonionic template system, such as

preparation of SBA-15 with triblock copolymer P123 (EO20PO7EO) template, was
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also investigated.”'® A continuous transformation from spheroidal micelles into
threadlike micelles was discovered andb undles were formed with dimensions. The
elongation of micelles is a result of reduction of polarity and water content within the
micelles due to the adsorption and polymerization of silicate species. Before the
hydrothermal treatment, the majority of copolymer chains insert into silicate
frameworks, which generate micropores after the removal of templates. Flodstrom et al
studied the dynamics of SBA-15 formation.'”' Four stages were observed during the
cooperative assembly, which are the adsorption of silicates on globular micelles, the
association of globular micelles into floes, the precipitation of floes, and the micelle-
micelle coalescence. Khodakov et al.'® proposed a structure with a hydrophobic PO
core and a PEO-water-silicate corona for the first stage. The cylindrical micelles then
pack into large domains, and solvents are replaced by condensed silicate species at the

same time,

TUD-1 is a new discovered disordered mesoporous molecular sieve and the
formation mechanism is still not clear, asi t is a surfactant-free synthesis route which
cannot be identified intot he above mechanisms. Inc urrent investigations,*>'” the
templates (e.g. triethanolamine (TEA)) form meso-sized organic aggregates during
hearting. These organic aggregates are trapped in a silica framework, which was formed
by condensing silica species. As a result, bulk phase separation of the silica species and

the organic templates is avoided. The pore structure is primarily determined by co-

operative organization of inorganic species and organic templates.
2.2.3 Characterization of Mesoporous Molecular Sieves
Reliable experimental techniques are important for characterizing the pore

structures. Corma has generally reviewed the fundamental techniques used for
20
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charactering the mesoporous molecular sieves.* Mesoporous materials, in general, are
characterized by a variety of techniques such as X-ray diffraction (XRD), gas
physisorption, electron diffraction (ED), small-angle X-ray/neutron scattering
(SAXS/SANS), transmission electron microscopy (TEM), scanning electron
microscopy (SEM), gas adsorption measurements, nuclear magnetic resonance (NMR)
and Fourier transform infrared (FT-IR) spectroscopies. Various techniques such as XRD,
SAXS, and TEM combined with ED have been proven useful for the elucidation of
structure, pore size and wall thickness. On the other hand, gas physisorption
measurements have usually been used to determine surface area, pore size, and pore size
distribution.'™ As a example, the combination of these methods has demonstrated that
MCM-41 has a multilevel structures comprising mesopores, crystallites, andg rains
within the parent particles.'” Typically, the crystallites have sizes of 30-50 nm and the
particle diameteri s around 0.3-0.8 pm. The fractal interpretation of adsorption data for
various compounds has also shown the smooth mesopore surface on a moleculars cale.
This is indicated by the correlation of monolayer capacity with molecular area, yielding
a slope of -1 on the logarithmic coordinates.'® Several techniques are available for
determining the pore sizes of mesoporous molecular sieves, including gas adsorption,
small angle X-ray scattering, transmission electron microscope and porosimetry. Each
method has a limited length-scale of applicability for probing the structure, but N,
adsorption at its normal boiling point is the most popularb ecause of its utility forb oth

micropores and mesopores and because of its convenience and low cost.
2.3 Transition Metal Supported on Mesoporous Molecular Sieves

As mesoporous materials usually show uniform pores and high surface area, the
mesoporous molecular sieves are good candidate as the support of catalysts.
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Immobilization of catalytically active sites on molecular sieves has many potential
advantages than other approaches such as the use of organic polymer supports. The
chemical stability of the inorganic supports is important; particularly with regard to
oxidizing conditions.'”” Their mechanical stability is often excellent, so that the issue of

swelling depending on solvent conditions can largely be avoided.

Different methods introduce the catalytic active sites with different location and
coordination. As the location and coordination of the metal sites are important to the
activity of catalysts, the method introducing metal to mesoporous molecular sieves is an
important step in the preparation of catalysts. Transition metals, as important
epoxidation catalyst described in section 2.1.2, can be introducedi nto mesoporous
molecular sieves with several methods. Take MCM-41 as a representative mesoporous
molecular sieve, it can generally be concluded by five methods. (1) The direct
hydrothermal synthesis method was used in the preparation of AI-MCM-41, Ti-MCM-

198199 1 this method, the metal ions were added into the

41 and some other materials.
reactant system before the crystallization step. There are also other reports that B'"”,
Ze'"', V1218 e and Nb''® were added into MCM-41 by this method. (2) Iwamato
and co-workers discovered that the template in the un-calcined MCM-41 exchanged
with Mn?* ions in water solution and as a result the Mn was introduced into the MCM-
41 pores."'*'"” (3) Grafting method is the method that organic metal or metal ions are
grafted onto the surface of mesopore walls by the reaction with Si-OH in water free
condition. This method was successfully applied on the preparation of Ti-MCM-
4181 and V-MCM-41'%, (4) The chemical vapor deposition (CVD) method is also
used in introducing metal ions into mesoporous molecular sieves. Iwamato and co-

workersp repared the Ti-MCM-41 using TiCls as precursor, 12l Caps and co-workers

used the precursor of Mny(CO)s and CpMn(CO); to get Mn-MCM-41'%. (5) The
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traditional impregnation method can also be used in the preparation of metal supported

mesoporous catalysts.'>

The applications of transition metal supported mesoporous molecular sieves
attracted many investigations. For example, vanadium, niobium and titanium modified
mesoporous molecular sieves were used as catalysts for propylene epoxidation.'**
Vanadium oxide impregnated in MCM-41 was applied in the isomerization of
heptene.'” Zr and Mn bimetallic mesoporous catalysts were investigated in the
epoxidation of styrene.” Transition metal complexes were also immobilized on the
mesoporous molecular sieves to apply in the heterogeneous catalysis. Salen VO
complex was immobilized in MCM-41 for oxidation of cyclohexane'*® and Mn(bpy),™
(bpy=2,2’-bpyridine) complexes immobilized in mesoporous materials performed well
in the olefin oxidation with H;0,.'” The cationic [meso-Tetrakis(4-
trimethylammoniophenyl)porphyrinatoJoxovanadium(IV) (VOTAPP) tetrachloride was

also encapsulated into MCM-41 and applied in the oxidation of alkenes.'*®
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Chapter 3 Techniques of Characterization and Synthesis

Catalyst characterization is very important in catalysis research because the catalytic
properties of a catalyst are largely determined by its composition and locals tructure on
the atomic scale. Most of the publications related with catalysis contain at least some
results of catalyst(s) obtained by characterization techniques. This chapter briefly
describes the concepts of the techniques that are frequently employed for catalyst

characterization and the synthesis processes of the supports and catalysts in this thesis.
3.1 Techniques
3.1.1 Nitrogen Physisorption

The properties of the texture and pore structure of solid materials is crucial for the
development of a catalyst. Physisorption is a primary method forc haracterizing porous
materials and the mesoporous materials withu niform pores have beene xtensively
characterized by physisportion.'? Typical sorption measurements of mesoporous
materials follow the type IV isotherm (such asM CM-41, MCM-48 and SBA series),
from which the pore structure information including pore volume, surface area, pore
size, and pore size distribution are extracted. One highlight is that capillary
condensation takes place in the mesopore range will give a sharp increase in adsorption
volume.’ The surface area canb e calculatedb yt he Brunaue-Emmett-Teller (BET)
method.* Pore volume, and pore size can be obtained by the Barrett-Joyner-Halenda
(BJH) method.’ In this thesis, nitrogen adsorption-desorption isotherms were measured
at 77K with a static volumetric instrument Autosorb-6b (Quanta Chrome). Prior to

measurement, the samples were outgassed at 473K to a residual pressure below 10
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Torr. A Baratron pressure transducer (0.001-10 Torr) was used for low-pressure
measurements. The pore size and pore size distributions were calculated from the

desorption isotherms using the BJH method.
3.1.2 X-ray Diffraction (XRD)

X-Rays with wavelengths in the angstrom range, are sufficiently energetic to
penetrate solids and are well suitable to discover their internal structure. X-Ray
diffraction is one of the most essential techniques for characterizing the structure of
crystalline or other ordered materials.®® It has been widely used in the study of MCM-
41 and SBA-15 materials to complement nitrogen physisorption isotherms because of
its capability of assessing the two-dimensional hexagonal structure of samples.”'? In the
mesoporous samples, the XRD peaks do not result from local order on the atomic range,
but from the ordered channel walls. The two dimensional hexagonal structure of MCM-
41 or SBA-15 can be characterized by XRD showing a sharp (100) plane diffraction
peak and also higherM iller index planes (110), (200) and (210).'"'? In this thesis, X-
ray diffraction measurements were conducted using a Bruker AXS D8 X-ray

diffractometer (Cu Ka, 2 =1.542A, 40 KV, 30 mA).
3.1.3 Diffuse Reflectance UV-visible Spectroscopy

Ultraviolet (UV) and visible (vis) light can causee lectronict ransitions. When a
molecule absorbs UV-vis radiation, the absorbed energy excitest he electronsi nto an
empty, higher energy orbital. The absorbance of energy can be plotted against the
wavelength to yield a UV-vis spectrum. UV-vis spectroscopy has many applications
including detection of eluting components in high performance liquid chromatography
(HPLC)," determination of the oxidation state of a metal center,'* or determination of
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the maximum absorbance of a compoundp rior to a photochemical reaction.'” The
reflectionm ode of UV-vis spectroscopyh as been proved tob e the simplest but a

16,17

powerful method for characterizing metal supported zeolites and mesoporous

molecular sieves catalysts'®!”.

In this thesis, diffuse reflectance UV-vis was used to investigate the local
environmental of different transition metal cations incorporated into the silica
framework of mesoporous materials. Diffuse reflectance UV-vis spectra were recorded
on a Vavian Cary-5000 spectrophotometer equipped with a diffuse-reflectance
accessory. The spectra were recorded in the 200-800 nm range at room temperature

with BaSQO; as reference.

3.1.4 Raman Spectroscopy

Supported metal oxide catalysts consist of a two-dimensional, active surface metal
oxide phase that is fully dispersed and chemisorbed onto the surfaces ofh igh surface
area oxide supports (e.g. alumina, titania, silica, etc.). Vibrational spectroscopy such as
Raman has often been used to probe the molecular structures of supported metal oxides;
a large amounto f information has been obtained for the supported metal oxide catalysts.
UV Raman spectroscopy has been proved to be a powerful technique for the study of

2021 especially for the identification of isolated transition

catalysts ando ther solids,
metal atoms substituted in the framework of molecular sieves.”” In this research,
mesoporous materials weres tudied by Raman spectroscopy in order to identify the
structure of the metal incorporatedi ntot he silica framework. Ramans pectra were
collected on a Renishaw inVia Raman system with a 325 nm laser as the excitation

source. A laser output of 30 mW was employed and the maximum incident power at the

sample was approximately 6 mW.
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3.1.5 Electron Paramagnetic Resonance (EPR).

Electron paramagnetic resonance (EPR) spectroscopy is one oft he most powerful
methods for characterizing paramagnetic catalytic materials, surface species and
reaction intermediates, such as those with one or more unpaired electrons. Alone, ori n
conjunction with other techniques, it has been successfully used in studying various
properties of such systems, relating to their bulk, surface structure and catalytic
reactivity.” The extreme sensitivity of EPR is certainly the most noticeable advantage
compared with those of other spectroscopes, and is often used to study low-abundance
active sites at catalytic surfaces and interfaces. It is fortunate that many catalytic
systems contain transition metal ions as active centers and they can also act as
convenient probes to follow the changes about their inner coordination sphere during
the catalyst preparation and catalytic reactions. Paramagnetic species such as active
sites or reaction intermediates can be located on the surface or within the bulk oft he
catalyst when porous materials are involved. The EPR in this thesis was carried outw ith
Bruker EMX spectrometer at X-band (~9 GHz). All samples were tested under ambient

conditions.

3.1.6 X-ray Absorption near Edge Structure (XANES)

XANES covers the range between 10 eV pre-edge and up to about 50 eV above the
main edge. XANES spectra are determined by electronic transitions allowed by the
dipole selectionr ule.”* These transitions provide a probe to characterize electronic
structures of transition metalsi n local environments which include the symmetry and
overlap of wave functions and the covalent mixing parameters in occupied and
unoccupied orbitals.”> Physical and chemical properties of transition metals along with

catalytic activities are governed by these electronic transitions.”® The white line
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intensity defines the transition to an electronic level just above the Fermi level of metals
when photoelectrons have very small kinetic energy and consequently a large scattering
across section. In this thesis, X-ray absorption measurements at vanadium k-edge were
performed at the X-ray Demonstration and Development beam line of the Singapore
Synchrotron Light Source (SSLS) where a Si (111) channel-cut monochrometer is
equipped.”’ The samples were ground, pressed into self-supporting wafers, placed in a
stainless steel cell, and measured in transmission mode at room temperature. The
electron energy in the storage ring was about 700 MeV with a current of about 200 mA.
Incident and transmitted X-ray intensities were measured by two ionization chambers
filled with pure nitrogen. Energy was calibrated using V foil (5465.0 eV). The spectra

collected were analyzed using WinXAS 2.3, an XAS data analysis program.
3.1.7 Hydrogen Temperature-Programmed Reduction (H>-TPR)

Hydrogen temperature programmed reduction (H2-TPR) is a useful technique for the
characterization of metal oxide catalysts.”**? During a Ho-TPR experiment, the catalyst
under investigation is located in a fixed-bed reactor and exposed to a reducing hydrogen
mixture that continuously flow throught he catalyst bed, while the temperature is
increased linearly controlled by a temperature program. The difference of the gas
mixture concentration between the inlet and outlet is measured as a function of time by
a thermal conductivity detector. The resulting H,-TPR profile contains qualitative
information on the oxidation state of the reducible species. This technique is
quantitative and signal obtained is of a kinetic nature directly correlated with catalytic

behavior.

The characterization of H,-TPR in this thesis was performed using the

Quantachrome Instrument Autosorb-1 static volumetric instrument. The reducibility and
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the stability of metal catalysts were investigated by a temperature programmed
reduction technique using a thermal conductivity detector (TCD). Approximately 300
mg of each sample was used for all tests. Prior to each TPR run, the sample cell was
purged by ultra zero grade air at room temperature. Following on, the temperature was
increased to 773K at 5K/min and soaked for 1 hour at the same temperature. Upon
heating, the sample was cooled to room temperature. This procedure produces a clean
surface before performing the H,-TPR run. The gas flow wass witched to 10 vol. %
hydrogen balanced by argon. Afterb aseline stabilization, the sample cell was heated at

5K/min to 1073K and signal was collected by the TPR software.
3.1.8 Temperature-Programmed Desorption (TPD)

The temperature programmed desorption of basic molecule such as ammonia (NH;-
TPD)i s one of the most commonly used methods for measuring the surface acidity of
porous materials. The sample was activated at 773 K for 1 h underf lowing helium and
then cooled to 400 K before introducing anhydrous ammonia (5% in helium) for 30 min.
Subsequently the physisorbed ammonia was removed by flushing with helium during 2
h at 400 K. The thermal desorption was conducted in flowing helium from 400 to 873 K
using a heating rate of 8 K min"'. Ammonia desorption was monitored continuously
with a thermal conductivity detector. The outlet gas was passed through a 0.01 M
H,SO4 solution to absorb the released NHj. After adsorption, the solution was back-

titrated to obtain total amount of desorbed ammonia.
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3.2 Synthesis

3.2.1 Materials

Sourceso f silica were tetramethylammonium silicate (TMASi, 20 wt.%, Aldrich)
and tetraethylorthosilicate (TEOS, 98%, Acros Organics). The vanadium source was
VOS04*3H,0 (Sigma-Aldrich Chemical Co.) and vanadium (V) oxytriethoxide (95%,
Aldrich). The cobalt source was cobalt (II) sulphate heptahydrate (CoSO4-7H,0, >99%,
Sigma) and cobalt (II) nitrate hexahydrate (Co(NO;),.6H,0, 98%, Aldrich). The
templates used were ChHan+1(CH3)sNBr with n=12, 14, 16 (Sigma-Aldrich Co.) and
with n=10 (American Tokyo Kasei), triblock copolymer poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) (Aldrich, EO20-PO70-EO2, P123),
triethanolamine (TEA, >98.5%, Fluka) and tetraethyl ammonium hydroxide (TEAOH,
35%, Aldrich). Amberjet-4400(OH) ion-exchange resin (Sigma Co.) was used for ion-
exchange process. Hydrochloride (HCl, 37%, Sigma-Aldrich), sodium hydroxide
(NaOH, >98%, Fluka), acetic acid (Fisher Scientific), and ammonia solution (NH3.H20,
25%, VWR International) was used for pH adjustment of the synthesis solution.
Anhydrous toluene (HPLC grade, Fisher Scientific) was useda s solvent. The anti-
foaming agent was Antifoam A (Sigma Co.) which is a silane polymer alkyl terminated

by methoxy groups. NaX faujasite zeolite (Acros) was used as the support of zeolite.

3.2.2 Synthesis of MCM-41 and V-MCM-41

In a typical synthesis of Si-MCM-41, 0.97g of hexadecyltrimethyl-ammonium
bromide (CTABr, >99%, Sigma) was dissolved in a certain amount of ammonia
solution (NH3.H;0, 25%, VWR International) and distilled water. The total volume of

ammonia solution and distilled waterw as maintained at 35ml. The mixture was stirred
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till a clear solution waso btained. 4.5g of tetraethyl orthosilicate (TEOS, 98%, Acros
Organics) was added dropwise followed by adding a certain amount of 2% VOSO,
(VOSO04.3H;0, 99.99%, Aldrich) solution. After additional mixing for about 120 min,
the synthesis gel was transferred into a PTFE lined autoclave placed in an oven at
120°C for 48 hours. After cooling to room temperature, the resulting solid was
recovered by filtration, washed with deionized water and dried under ambient
conditions. The pre-dried solid was heated at a constant rate from room temperature to
813.2K over 20 hours under He and held for 1 hour under the same condition, followed
by calcination at 813.2K for 5 hours with air to remove the residual surfactant. As the
preparation process may cause some loss of vanadium and silica in the by-products, the
final V content was determined by ICP analysis. The molar ratio composition of the gel
mixture was 1TEOS: 0.12CTAB: xNH;3*H;0: yV: 84.4H,0 where x varies from 9.2 to
18.5 (pH value from 12.5 to 14) and y varies from 0.012-0.035. The corresponding

ammonia volume is 15-25 ml and the vanadium content is 1-3 wt. %.

3.2.3 Synthesis of SBA-15

The siliceous SBA-15 was synthesized according to a well-established procedure
using tetraethylorthosilicate and triblock copolymer poly(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) as at emplate agent under acidic
conditions. Firstly, 2 g of the triblock copolymer was dissolved in 12.5 ml of distilled
water under stirring at 300 rpm. Upon dissolving, 0.29M HCI was added intot he
colorless solution by a ratio of 1ml 37% HCI: 34ml H,O. The mixture was then allowed
to stir for one hour. Upon stirring, 4.5g oft etraethyl orthosilicate was added into the
mixture and stirred at 40 °C for 24 hours. The colorlesss olution immediately turned
into a white, cloudy suspension upon the addition of TEOS. After 24 hours, the white
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suspension was transferred into polypropylene bottles and heated at 100°C in an oven
for 24 hours. After cooling to room temperature, the resulting solid was recovered by
filtration and washing with distilled water for several times. The solid was dried
overnight under ambient condition and finally calcined in a flow of air at 540°C for 6
hours at a heating rate of 1°C /min, to remove any residual organic template materials,

yielding the mesoporous SBA-15 support.
3.2.4 Synthesis of TUD-1

TUD-1 were synthesized following the method reported by Hamdy et al.”® In a
typical preparation, 1.0 g of distilled water was added drop wise to 10 g of tetraethyl
orthosilicate under vigorous stirring. Subsequently, 7.2 g of triethanolamine and 1.8 g of
distilled waterw ere added to the above-mentioned solution dropwise. Afters tirring for
30 min, 10.1 g of tetracthyl ammonium hydroxide was added. The mixture was aged at
room temperature for 24 h, dried at 373K for 24 h, and hydrothermally treated in a
teflon-lined stainless steel autoclave at 453K for 8 h. The resultant TUD-1 powder was

calcined at 873K for 10 h in air to remove the template.
3.2.5 Vanadium Grafting Method

The vanadium grafted mesoporous catalysts were synthesized following a controlled
grafting process through atomic layer deposition.* First, vanadium (V) oxytriethoxide
solution was prepared as the vanadium precursor in anhydrous toluene (HPLC grade,
Fisher Scientific). The as-calcineds iliceous mesoporous material was suspended in
anhydrous toluene by refluxing under an inert N, atmosphere for5 hours to ensure the
removal of any adsorbed water. Certain amount of the vanadium precursor solution was
added drop wise into the flask and kept stirring underr eflux and Nza tmosphere for 12

39



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

hours. The resulting mixture was cooled, filtered, and washed with anhydrous toluene
several timest o remove any unreacted vanadium precursor and by-products from the
grafting reaction. The solid wasd ried at room temperature overnight and calcined at

813K for 6 hours to yield the final vanadium grafted catalysts.

3.2.6 Synthesis of Vanadium Incorporated NaX Zeolites

Firstly, 2 g of NaX faujasite zeolite wasw eighted and put into a flask and S50ml
water was added in to the flask which was around pH=11. After that, a measured
amount of8 wt. % vanadyl sulfate solution was dropped into the flask. Keep stirring
overnight, the mixture was filtered and dried in 403K. Then, the vanadium ion
exchanged NaX zeolite were synthesized and named as xV-X where x is the weight
percentage of vanadium proposed in the catalysts. Calcination was proceeded to study
the station of the vanadium. The xV-X samples were calcined at 813K for 6 hours with
a heating rate of 1K/min in the flow of aira nd the corresponding calcined catalyst was

named xV-X(C) as C was denoted as the calcination.
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Chapter 4 Epoxidation of rrans-Stilbene and cis-Cyclooctene over Vanadium

Grafted Mesoporous Materials with Different Pore Sizes and Structures

The effect of pore structurea nd pore size of mesoporous materials on catalytic
performances has attracted increasing attention.'” Hu et al. reported that the selectivity
to isomerization was highly sensitive to the channel structure of molecular sieves in the
hydroisomerization reaction. *> Karakoulia et al. indicated that the catalyst support with
different pore structures and pore sizes strongly affected the catalytic activity.* MCM-
41 is one of the most widely studied mesoporous materials reported up to now due to its
multilevel flexibility in terms of synthesis conditions, pore size tuning, and
“framework” composition.g'18 The discovery of SBA-15 type mesostructured materials
synthesized using tri-block copolymers as structure-directing agent under acidic
conditions has opened a new opportunity in the field of heterogeneous catalysis.'**’
Both MCM-41 and SBA-15 mesoporous silica have a 2-D hexagonal array of uniform
tubular channels. SBA-15 possesses larger pore diameter compared to MCM-41,
enforcing lower diffusion resistance on the reactant molecules. Moreover, the thicker
pore wall of SBA-15 relative to MCM-41 provides high thermal stability and
hydrothermal stability. TUD-1, with a disordered 3-D sponge-like mesoporous structure,
is a recent addition member to the mesoporous material family.”'** Dissimilar to
amorphous silica, 3-D pores in the disordered TUD-1 mesostructures are
interpenetrating, uniform, and adjustable. The high surface area and high thermal
stability of TUD-1 offer good opportunities in catalysis, adsorption, separation, and

immobilization.

Epoxides as the industrially important chemicals,®* are largely used for the

production of perfume materials, epoxy resins, plasticizers, and drugs.”> Vanadium is a
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well studied catalyst in the catalytic epoxidation.®**?” As reported, the catalytic activity
ofv anadium catalysts largely depends on the nature of vanadium active sites.?**° For
catalytic epoxidation reactions, the activity of vanadium is mainly contributed by the
isolated tetrahedral vanadium oxide species which consist of the V=0 bond.”
Numerous studies have addressed the synthesis and characterization of supported
vanadium oxide species, but the precise control of isolated dispersion of vanadium
active site wasn ot successfully achieved by the impregnation method.>**** Although
highly dispersedv anadium onm esoporous materials have been prepared via direct
hydrothermal method,” our previous work showed that direct hydrothermal synthesis
would lead to vanadium buried inside the pore wall and cannot form active center.**
Recently, the controlled post synthesis grafting method through atomic layer deposition
(ALD) has been successfully used to prepare vanadium-isolated site dispersion on SBA-

5

Herein, we employed this novel post synthesis grafting method to prepare V-SBA-
15, V-MCM-41 and V-TUD-I1 catalysts with well-defined pore structure and highly
dispersed vanadium active sites. Epoxidation of two representative bulky olefin
compounds, frans-stilbene and cis-cyclooctene, over these mesoporous vanadium
catalysts was selected as model reactions in order to get insight of the pore structure and

size effect on liquid phase catalytic reaction.

4.1 Catalysts Characterization

The nitrogen physisorption isotherms and the corresponding pore size distributions
are shown in Figure 4.1. All the vanadium grafted samples (V-MCM-41, V-SBA-15,
and V-TUD-1) exhibit type IV isotherms according to the IUPAC classification,

corresponding to typical mesoporous materials. For V-MCM-41 samples, the capillary
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Figure 4.1 Nitrogen physisorption of various vanadium grafted mesoporous materials.

condensation shows a sharp step increase in nitrogen uptake at the relative pressure
(P/Po) range of 0.3-0.4 without adsorption-desorption hysteresis loop, suggesting highly
ordered mesoporous structure with uniform channel sizes. The isotherm of V-SBA-15
displays a step increase of nitrogen uptake in the relative pressure (P/Po)r ange of 0.6-
0.8 with a characteristic HI-type broad hysteresisl oop, corresponding to a large-pore
mesoporous material with 1-D cylindrical channels.”>?® The hysteresis loop suggests
long mesopores limit the emptying and filling of accessible volume.’” V-TUD-1
samples show also show a well-defined step at high partial pressure (0.45<P/P0<0.8)

with a similar H1-type hysteresisl oops.*® V-TUD-1 possesses a relatively wider pore
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size distribution compared to that of V-MCM-41 and V-SBA-15, which may be due to
the disordered sponge-like mesostructure of V-TUD-1.>*# The physical propertieso f
all the vanadium-grafted samples are summarized in Table 4.1. V-MCM-41, V-SBA-15,

Table 4.1 Physical properties of various vanadium grafted mesoporous materirals

Sample Surface Area Pore Volume Pore Diameter

(m’/g) (ce/g) (nm)

Si-MCM-41 970 1.10 2.83
3V-MCM-41 925 1.09 2.82
6V-MCM-41 847 1.07 2.82
Si-SBA-15 1021 1.25 6.04
3V-SBA-15 834.8 1.20 6.04
6V-SBA-15 801.1 1.10 6.04
Si-TUD-1 1009 1.28 5.44
3V-TUD-1 706.6 1.15 5.40
6V-TUD-1 475.1 0.80 5.43

and V-TUD-1 show differentpo re diameters which are 2.9, 6.0, and 5.4nm, respectively.
The decreased BET surface area and pore volume were observed on the vanadium-
grafted samples compared to the corresponding parent mesoporous materials, however,
the pore size did not change much. This should be due to the impregnated vanadium on
the surface oft he mesoporous pores which may destroy part oft he surface structure.
The surface areas of V-MCM-41 and V-SBA-15 samples remain greater than 800m?/g,

while the surface area of V-TUD-1 decreases remarkably from 1009 to 475m*/g when
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the vanadium loading is increased to 6wt. %. The pore volumes also decrease to certain

extentw hen vanadium is grafted as showed in Table 4.1.

(a) (b)
M 8Y-TUD-1
\ 3V-TUD-1 B8V-TUD-1
\ Si-TUD-1
L 6V-SBA-15 3V-TUD-1
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Figure 4.2 XRD patterns of various vanadium grafted mesoporous materials (a) low

angle (b) high angle [* = V,0s].

The XRD patternso f variousv anadium-grafted samplesa re shown in Figure 4.2.
Ther esults during the low angle in Figure 4.2(a) suggest that the long-range order
mesostructure is well retained after the grafting and calcination procedures. For V-
MCM-41 and V-SBA-15 samples, the characteristic Bragg diffraction peaks indexed to
(100), (110) and (200)p lanes can be discerned at around 2.15° 3.70°, 4.32° and 0.93°,
1.58°, 1.82° for MCM-41 and SBA-15, respectively.”®* The peaks slightly shift to

lower angle after vanadium is grafted, which may be due to the increased pore wall
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thickness and hence increased d value because the pore diameter remains substantially
constant after grafting (see Table 4.1). In the high angle range shown in Figure 4.2(b),
only one board peak at around 23° for V-MCM-41 and V-SBA-15 samples is
observable at high angle, which is ascribed to the amorphous nature of silicate. No
crystalline phase of V species appears, indicating that vanadium species are highly
dispersed on the pore wall surface. Only one relativelyb oarder diffraction peak at
around 0.7° can be discerned for V-TUD-1 samples, implying the irregular

mesostructure of TUD-1.3¢

The small shift of diffraction peak to lower angle may also
be due to thei ncreased pore wall thickness. No diffraction peaks at high angle are
detected except the amorphous silicate in the samples of V-TUD-1 with vanadium
loading of 3wt.% or less. Additional peaks ascribed to crystalline V,Os appear in 6V-
TUD-1 sample. Compared with V-MCM-41 and V-SBA-15, crystalline V,0Os is easier

to form over V-TUD-1, although the reason remains unclear, thus causing the sharp

decrease of specific surface area as shown in Table 4.1.

Diffuse reflectance UV-vis spectroscopy is a useful technique for gaining the insight
about coordination environment and oxidation states of vanadium species in various
molecular sieves/oxide surfaces.”” The UV-vis spectra of V-MCM-41, V-SBA-15, and
V-TUD-1 are shown in Figure 4.3(a). Siliceous mesoporous sample does not depict any
noticeable absorbance. There is no absorbance peak in the range of 600-800nm for all
the vanadium grafted samples due to the lack of the characteristic d-d transitions of
(VO)**,** suggesting the complete oxidation of vanadium cations to V>* oxidation state.
All vanadium grafted samples show two bands at 253 and 393nm, which are attributed
to the isolated vanadium species incorporated into the framework and on the framework
surface, respectively.*** For the V-MCM-41 and V-SBA-15 samples, the absence of

320 and 450nm bands indicates there is no polymeric V-O-V bond and V,0Os crystallites
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in these samples.*” An additional weak band at 488nm can be discerned in V-TUD-I

samples, implying a small amount of V,0s crystallites.*>**
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Figure 4.3 (a) Diffuse reflectance UV-VIS spectra and (b) Raman spectra of various

vanadium grafted mesoporous materials.

Raman measurement is used to elucidate the molecular nature of vanadium domains.
The Raman spectra of vanadium grafted samples are shown in Figure 4.3(b). A strong
band at 1030cm™ has been assigned to the symmetric V=0 stretchingv ibration of

334446 evidencing that most of vanadium species in the grafted

isolated VOy species,
samples are isolated VOy species. The peak at 480cm™ is due to the three- and four-fold

siloxane rings on the mesoporous silica support.*” We also note a weak peak at 355cm”
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for V-TUD-1 samples, which is due to a small amount of crystalline V,0s. These results
are accordance with the UV-vis characterization. The absence of V2Os band at 995cm™
in all the samples may suggestt here is no large crystalline V,0s domain presented in all

these mesoporous samples.
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Figure 4.4 Comparison of vanadium K-dege XANES regions for vanadium grafted

mesoporous materials and the reference compounds.

The normalized XANES spectra at vanadium k-edge for the vanadium grafted
samples (6V-MCM-41, 6V-SBA-15, and 6V-TUD-1) as well as the reference
compounds are illustrated in Figure 4.4. All spectra exhibit a strong pre-edge absorption
feature corresponding to the forbidden transition of 1s—3d, which is mainly caused by
mixing the 4p orbital of vanadium and 2p orbital of oxygen with the 3d = orbital of
vanadium atoms.”>*’ The pre-edge peak height decreases monotonically as the
vanadium coordination structure changes from tetrahedral (Na;VOi) to the square
pyramidal (V20s) or octahedral coordination (PbV20s). The pre-edge peak height of
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vanadium grafted samples rest between the reference compound NH4VO; (distorted
tetrahedral) and PbV,Os (octahedral), suggesting a distorted tetrahedral local
coordination. These vanadium centers are easily hydrated under ambient condition and

part of vanadium stays in octahedral coordination.”> The XANES results for vanadium-

Table 4.2 Energy positions of various spectral features in the V K-edge XANES spectra

Sample Pre-edge  Main-edge E,.wp- E.e-  Pre-edge  Pre-edge

peak position™® Eo Epre-cdge peak peak
position® (eV) (eV) (eV) height intensity*

(eV) (a.u.) (a.u.)

Na3VOy 5469.9 5482.4 49 12.5 0.59 2.13

NH4VO; 5469.9 5481.7 4.9 11.8 0.48 1.86

PbV,0s 5470.4 5482.0 5.4 11.6 0.39 1.56

V205 5470.4 5480.6 54 10.2 0.38 1.54
V204 5470.4 5478.8 54 8.4 0.27 -
V205 5470.4 5476.2 54 5.8 0.31 --

6V-MCM-41 5470.8 5482.1 5.8 11.3 0.42 1.59

6V-SBA-15 5470.8 5482.1 5.8 11.3 0.41 1.66

6V-TUD-1 5470.8 5481.7 5.8 10.9 0.42 1.64

* The uncertainty in peak position is estimated to be +0.2eV.
® Main edge position is chosen as the mid point of absorption jump.

© Peak intensity is calculated by peak height x width at half maximum.

grafted samples and reference compounds are summarized in Table 4.2. The energy

difference between pre-edge peak and the main edge is a measurement of the oxidation
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state of vanadium.?’ The EcdgeEpre-cdge Value is 10.2eV as in V,0s, this value decreases
to 8.4eV for V,04. The Eegge-Epre-edge 0f the grafted samples varies from 10.9to 11.3 eV,
suggesting the vanadium in all the samples are V>* oxidation state. The pre-edge peak
intensities of vanadium grafted samples are between the value of NH4VO; and PbV,0¢,
implying that the vanadium domains of vanadium-grafied samples are of molecular

cage size between distorted tetrahedral and octahedral coordination.*’

4.2 Catalytic Performance on Epoxidation of trans-Stilbene and cis-Cyclooctene

The epoxidation of trans-stilbene and cis-cyclooctene was performed by tert-butyl
hydroperoxide in the presence of vanadium grafted mesoporous catalysts. Firstly, 0.2 g
of the catalyst wasa dded to 1 mmol of frans-stilbene or cis-cyclooctene in a round-
bottom flask. 10 ml of MeCN and DMF mixture with 9:1 ratio (v/v) was added as the
solvent of the reaction followed by adding 10 mmol of TBHP. The reaction was started
by immersing the flask into a water bath with desired temperature. The compositions
were analyzed by a gas chromatograph (GC, HP-6890N, Agilent) equipped with a HP-5

capillary column (30m*0.32mm*0.25um) and a FID detector.

4.2.1 trans-Stilbene Epoxidation

Figure 4.5 shows the vanadium loading effect on the epoxidation of frans-stilbene
over V-MCM-41, V-SBA-15, and V-TUD-1. The conversion of trans-stilbene increases
with the vanadium content before it reaches the maximum value of 100%. When the
vanadium loading is less than 8wt.%, the frans-stilbene conversion decreases in the
sequence of V-TUD-1>V-SBA-15>V-MCM-41. The V-TUD-1 catalysts show the
highest conversion though its lowest surface area. The selectivity of trans-stilbene oxide
lies between 70 to 90%. It is noted that the selectivity shows an increase with the
vanadium loading less than 6wt.%, and slightly decreases after passing the maximum of
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90%. The vanadium loading apparently affects the selectivity of epoxide, which can be
attributed the decreased dispersion of active centers at high vanadium content, implying
the catalytic reaction is remarkably more sensitive than characterization to probe the

physicochemical properties of catalysts.
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Figure 4.5 Conversion and selectivity of trans-stilbene epoxidation over V-MCM-41,
V-SBA-15, and V-TUD-1 with different vanadium loadings. The reaction condition:

338K, 24h, 1 atm.

The influence of reaction time on the conversion and selectivity of frans-stilbene
epoxidation is shown in Figure 4.6. In order to avoid the complication raised from the
vanadium dispersion, 3wt.% vanadium content was chosen as the mode catalysts. The

initial conversion is almost identical for V-MCM-41, V-SBA-15 and V-TUD-1 catalysts.
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The trans-stilbene conversion shows a linear increase with reaction time, indicating that
the t-butyl hydroperoxide enters the channels of vanadium-grafted catalysts, reacting
with the vanadium to form vanadium peroxo radicals.® The long-term conversion
follows the sequence: V-TUD-1>V-SBA-15>MCM-41, furthers upporting the effect of
pore size and pore structure on the catalytic activity. The selectivity to epoxide increases
with time as wellf or all the catalysts. V-TUD-1 exhibits the highest selectivity towards
epoxide, implying that V-TUD-1 catalyst does not only enhance the conversion but also

improve the frans-stilbene oxide selectivity due to its unique pore structure.

100 100
80 4 80
X 604 < 60
5 Z
[ 2
m —
Z 40+ § 40
o (1}]
S w
20 20 -
B 3V-MCM-41
® 3V-SBA-15 .
A 3V-TUD-1
Ot——TT1+T1T T Ot+——T—T 71T 1T
0 4 8 12 16 20 24 0 4 8 12 16 20 24
time, h time, h

Figure 4.6 Conversion and selectivity of trans-stilbene epoxidation over 3V-MCM-41,
3V-SBA-15, and 3V-TUD-1 with reaction time. The reaction condition: 338K, 1 atm

and 3wt% vanadium.

54



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Reaction temperature is an important factor controlling the catalytic reaction. Figure
4.7 shows the conversion along with the epoxide selectivity increases with the
temperature. The trans-stilbene epoxidation is an endothermic reaction and high

temperature is favorable to the reaction and thus results in an increase of the trans-
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Figure 4.7 Conversion and selectivity of trans-stilbene epoxidation over3V-MCM-41,

3V-SBA-15, and 3V-TUD-1 as a function of temperature. The reaction condition: 24h,

1 atm, 3 wt.% vanadium.

stilbene conversion. V-TUD-1 shows the highest conversion among three catalysts. The
best conversion of 87% is achieved over 3V-TUD-1 at 338K with the frans-stilbene

oxide selectivity of 83%.The conversion follows the order V-TUD-1>V-SBA-
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15>MCM-41, furthers upporting the diffusion effect of the pore size and pore structure
of the catalysts. The selectivity to epoxide increases with time fora llt he catalysts. The
selectivity shows the sequence: V-TUD-1>V-MCM-41>V-SBA-15, implying that V-
TUD-Ic atalyst does not only enhance the conversionb ut also improve the trans-

stilbene oxide selectivity.

4.2.2 cis-Cyclooctene Epoxidation
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Figure 4.8 Conversion and selectivity of cis-cyclooctene epoxidation over V-MCM-41,
V-SBA-15, and V-TUD-1 with vanadium loadings. The reaction condition: 338K, 24h,

latm.
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Figure 4.9 Conversion and selectivity of cis-cyclooctene epoxidation over 3V-MCM-41,

3V-SBA-15, and 3V-TUD-1 with reaction time. The reaction condition: 338K, 1 atm, 3

wt. % vanadium.

In this study, cis-cyclooctene epoxidation was selected as the other model reaction
to complement trans-stilbene epoxidation, probing the structure effect on the catalytic
reaction ofb ulky molecules in liquid phase. Figure 4.8 shows the effect ofv anadium
loading on catalytic performance of cis-cyclooctene epoxidation overv anadium grafted
catalysts. The conversion of cis-cyclooctene increases with vanadium loadings. With the
same vanadium content, V-TUD-1 catalysts always display the highest conversion.

However, the cis-cyclooctene conversion over V-MCM-41 is higher than that of V-
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SBA-15, which is different from that in rrans-stilbene and other reports.*’ The
conversion shows a decrease at high vanadium content of 8wt.% on V-TUD-1 catalyst.
This may be due to that V,0s crystallite forms and the dispersion of vanadium
remarkably decreases. All the catalysts show high selectivity of cis-cyclooctene oxide

above 90%. The selectivity over V-TUD-1 is slightly higher than over V-MCM-41 and

V-SBA-15.
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Figure 4.10 Conversion and selectivity of cis-cyclooctene epoxidation over 3V-MCM-
41, 3V-SBA-15, and 3V-TUD-1 as a function of temperature. The reaction condition:

338K, 24h, 1 atm.

The influence of reaction temperature on the conversion ands electivity of cis-

cyclooctene epoxidation over 3wt.% catalysts is revealedi n Figure 4.9. For all the
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grafted catalysts, the cis-cyclooctene conversion shows the linear increase with reaction
time. Similar to the trans-stilbene epoxidation, the V-TUD-I1 catalyst with a 3-D
structure shows the highest catalytic activities. The cis-cyclooctene oxide selectivity on
all the catalysts remains above 90%. Figure 4.10 shows the reaction temperature effect
on the conversion and selectivity of cis-cyclooctene epoxidation. As ar esult of the
endothermic reaction, the conversion of cis-cyclooctene increases with reaction
temperature for all three types of catalysts. The best conversion of 50.9% is achieved

over 3V-TUD-1 with the epoxide selectivity of 98.6%.
4.3 Discussion on the Pore Pore Structure and Pore Size Effect

The V/NaX with 3wt.% vanadium prepared by an impregnation method is used as
an additional catalyst to study the effect of pore structure and pore size. In this study, all
these model catalysts possess different pore sizes and structures: zeolite V/NaX is
microporous materials, V-MCM-41 and V-SBA-15 are mesoporous materials with 2-D
structures, V-SBA-15 has largerp ore diameter than that of V-MCM-41, and V-TUD-1
is a mesoporous material with fully opened 3-D structure. The catalytic performance of
various catalysts with constant vanadium content (3wt.%) is shown in Figure 4.11. The
3-D mesoporous catalyst V-TUD-1 shows the best conversion and epoxide selectivity.
The 2-D mesoporous catalysts show better conversion and epoxide selectivity than
those of zeolite catalyst. This support our hypothesis that the widely opened three-
dimensional pore structures of V-TUD-1 catalyst decreases the pore diffusion resistance
on the reactants, allowing greater accessibility of the reactants to the active sites
embedded on the pore wall surface. ®**° The microporous catalysts show poorer
conversion than mesoporous catalysts which may due to its small pore size, restricting

the diffusion of the reactant. The conversion and epoxide selectivity of cis-cyclooctene
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Figure 4.11 Pore structure and pore size effect on the trans-stilbene and cis-cyclooctene
epoxidation. All the results were abtained under the codition of 338K, 24h, 1 atm and 3

wt. % vanadium.
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epoxidation also follow the sequence 3-D>2-D>zeolite, which gives additional evidence
on the conclusion of the pore structure effect on the catalytic reactions. Comparing
between V-MCM-41 and V-SBA-15, V-SBA-15 shows betterc atalytic performance in
trans-stilbene epoxidation, whereas V-MCM-41 shows better catalytic performance in
cis-cyclooctene epoxidation. Although the reason remains unclear up to now, one
possible explanation is that due to the steric effect, the molecular size of reactant has to
be matched with the pore size of catalyst in order to gain the maximized catalytic

activity.

4.4 Conclusion

Vanadium containing mesoporous materials (V-MCM-41, V-SBA-15, and V-TUD-
1)w ere successfully synthesized by a controlled atomic layerd eposition method. Their
physicochemical properties were investigated by various characterization techniques
including Na-physisorption, X-ray diffraction, UV-vis spectroscopy, Raman
spectroscopy, and X-ray absorption near-edge structure (XANES). The results revealed
that the vanadium domains on these grafted mesoporous catalysts are mostly isolated
VO; units with distorted tetrahedral coordination. Catalytic epoxidation of trans-
stilbene and cis-cyclooctene were carried outa s probe reactions to test the pore structure
effect. Both reactions showed the best catalytic performance could be achieved over the

V-TUD-1 catalyst with the unique 3-D pore structure.
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Chapter § Preparation, Characterization and Catalytic Properties of Vanadium
Exchanged X Faujasite Zeolites for the Epoxidation Reaction of trans-Stilbene and

cis-Cyclooctene

Several reports on epoxidation employed mesoporous materials as supports due to
their high surface area and large pore diameter.'? However, the preparation of
mesoporous materials is time-consuming and not economical in view of industrial
application. As the crystalline microporous zeolites containing transition metal ions are
well established catalysts with remarkable catalytic properties in oxidation reactions.>”*
study onu sing commercially available X faujasite zeolite as support of vanadium
catalyst for epoxidation will be more feasible towards the applied catalysis in industrial

applications.

The incorporation of vanadium cations into the zeolite lattice has been considered
as a challenge for a long time. Only a minor faction of the vanadium ions can be
incorporated into the zeolite framework during the direct hydrothermal synthesiss A
large amount ofc rystalline V,0s would be formed using the solid-state ion-exchange
method.® Dzwigaj et al. employed VOSO; as vanadium precursor for ion-exchange
under an acid condition, and the highest content of 2.0 wt. % vanadium within BEA
zeolite can be achieved.> However, the content of vanadium cannot be further
increased due to the participation of additional H" exchange. Tang et al. successfully
applied the liquid ion-exchange to introduce metal oxides CoOx into faujasite zeolite

and the highest cobalt loading was reported as 8.8 wt.% ®.

The activity and selectivity of vanadium oxide catalysts are mainly attributed to the
oxidation state, local coordination, dispersion, and the accessibility of the active centers.
It was reported that both V" and/or V** are incorporated in either tetrahedral or square
pyramidal coordination by framework substitution.”” The calcination also plays an vital
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role in locating the cations in zeolites.” Most of the current studies focused on the
distribution of vanadium species in zeolite after calcination, the location of the
vanadium in the zeolite before calcination remains unclear.*”'° Furthermore, to the
best of ourk nowledge, no investigation was reported on the insight into the vanadium
catalytic active sites, preparedb y ion-exchange method, in faujasite (FAU) zeolite
framework which consists of sodalite cages (truncated cuboctahedra) linked by double
six-rings (D6Rs)."’

In this capture, an ion-exchange method under basic environment is reported to
prepare the vanadium-containing FAU zeolite catalysts. Both as-synthesized and
calcined vanadium catalystsa re applied in epoxidation reaction to exam the catalytic
properties. The effect ofc alcination on the catalytic performance will be discussed in
detail witht he objective to elucidate the migrationo f vanadium cations upont he

calcination.
5.1 Catalysts Characterization

5.1.1 Degree of Exchange and Vanadium Content

The amount ofv anadium ionsi n aqueous solution available for ion-exchange and
the numbers of exchangeable sites (Na*) in zeolites as well as the exchange efficiency
would affect the degree of exchange and the vanadium content. As expected, with a
fixed amount of zeolite and a fixed volume of solution employed for ion-exchange, the
degree of exchange and thust he vanadium content can be regulated by changing the
concentration of the vanadium solution which is similar with the reported Co-X zeolite.®
Table 5.1 shows the degree ofe xchange and the content ofv anadium incorporated in
each sample synthesizedi n this study. At a very low concentration of the VOSO4

precursor solution, almost all the vanadium ions can be incorporated into the zeolite
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support. Increased concentration of VOSO, raises the degree of exchange and the

vanadium content in the final sample. However, the proportion of vanadium ions

incorporated into zeolite declines. The highest vanadium content can be achieved in this

study is 4.85 wt.%, which is higher than those reported previously.” This may be due to

the alkali environment of the solution decreases the H" competition in the ion exchange.

Table 5.1. Vanadium Content in samples®

sample” Concentration ~ Expected V Proportion of V. Actual content
of VOSOy in content in incorparted in samples
ion exchange samples® (wt.%)
(M)
1V-X and 0.008 1 95 0.95
1V-X(C)
3V-X and 0.024 3 88.7 2.66
3V-X(C)
6V-X and 0.047 6 80.8 4.85
6V-X(C)

* Typical condition for ion exchange: Na-X, 2.0 g; volume of VOSO, solution, 50ml.

® The number before V denotes the expected vanadium content in weight percentage.

¢ the vanadium content when the vanadium was fully exchanged into the zeolite.

5.1.2 XRD Patterns

The powder XRD patterns ofV -X and V-X(C) catalysts are shown in Figure 5.1.

Both V-X and V-X(C) exhibit excellent crystallinity with almost identical diffraction

pattern to that of NaX( Na,ALSi;sOe6.2H,0OX RDP DF card #00-038-0237),
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indicating that X zeolite structure is well preserved upon vanadium incorporation. No

additional noticeable diffraction peaks are discerned, implying the absence of crystalline
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Figure 5.1 XRD patterns of the V-X and V-X(C) samples, the signal of NaX shown at

the bottom was assigned to zeolite X (Na;ALSi; s0906.2H,0, PDF card #00-038-0237).

vanadium oxide even at high vanadium loading. The XRD signal strength decreases
with the increase of vanadium content, which may suggest that the vanadium cations
incorporate into the framework and decrease the long-range order structure of the X
zeolite. V-X(C) samples show lower intensity diffraction peaks compared to V-X
samples with the same vanadium content. The possible sites for vanadium in FAU

zeolite are in the superc age, SOD cage and D6Rs units. In VOSOup recursor solution,
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VO® ion is usually in hydrated form [VO(H,0),]** with a larger diameter than the six-
memberr ings in zeolite, the chance forv anadium cations to access the SOD cages and
D6Rs units will be reduced to a great extent. Thus the proposed vanadium sites are in
the supercage oft he FAU zeolite in the V-X samples. The calcination may cause the
vanadium to migrate to enter the smaller cages, such as SOD cages, as the hydration
water can be removed under high-temperature pretreatment, resulting in the distortion of

the zeolite framework.

5.1.3 Diffuse Reflectance UV-vis and UV-Raman Spectroscopy

226 (a) 574 963 (b)

5 ;
© 6V-X(C)| =
@ i
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Figure 5.2 (a) UV-Vis spectra of the V-X and V-X(C) samples; (b) UV-Raman spectra

of V-X and V-X(C) samples.
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UV-vis spectroscopy is widely used to reveal the local environment of metal cations
in an oxide domain. In this study, diffuse reflectance UV-vis spectra of V-X and V-X(C)
samples are shown in Figure 5.2(a). Except for the peak around 226 nm, there is no
significant absorbance for the parent FAU zeolite, showing the signals between 250 and
800 nm can be attributed to the vanadium species. The band at 273 nm attributed to V°*
in tetrahedral coordination is detected in all the V-X and V-X(C) samplc:s.u'l5 The
formationo f V' int he V-X samples is due to that the VO?** cations in VOSOy
precursors can be easily oxided to V°* in alkali environment when exposed to air.'® The
band at 388 nm, ascribed to the tetrahedral V3* coordinated with additional water, is
detected as the vanadium content increasesi n V-X samples.'>'*!"'* Additionally, the
vanadium supported on zeolite does not show any absorbance in the range of 600-800
nm, implying the lack of the characteristic d-d transitions of (VO)** on the surface of the
catalysts.'” The V-X and V-X(C) samples with high vanadium loading turn yellow
when exposed to air. No signal is observed between 320 and 450 nm, indicating there is

no polymeric V-O-V bond and V,0s crystallites in the V-X and V-X(C) samples."*

UV-Raman spectroscopy is a powerful tool for elucidating the molecular nature of
materials, particularly useful forze olite materials.'” The Raman spectra of V-X and V-
X(C) samples are shown in Figure 5.2(b). All the vanadium supported onze olite
samples show a strong broad Raman band around 963 cm™ assignable to the symmetric
V-O stretching in pseudo-tetrahedral O=V-(0-S)3( S=Si or Al).”*?' As the samples are

hydrated undera mbient condition, the V=0-+'H resonance underUV excitation causes

the disappearance of terminal V=0 stretching bands in the range of 990-1050 cm™.*'

The absence of the typical band at 995 cm™ of V,0s fingerprint in all the samples
indicates no crystalline V,0s existent, > which is coincident with the results of UV-vis

spectra. There is a weak peak detectable at 574 cm” which attributes to the symmetric
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V-O-V stretching,?’ implying the vanadium is partly polymeric VO species on the X
zeolite after calcination. The remaining Raman bands at 291, 382 and 510 em” are

resulted from parent NaX zeolite.

5.1.4 XANES
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Figure 5.3 The normalized XANES spectra at V K-edge for reference compounds, 6V-

X, 6V-X(C) as well as the used samples 6V-X-A and 6V-X(C)-A.

The normalized XANES spectra at vanadium k-edge for the V-X and V-X(C)
samples as well as the reference compounds are illustrated in Figure 5.3. The XANES
regions for all the vanadium ion-exchanged zeolite samples are indistinguishable,
implying the similare lectronic structures and site symmetries for the vanadium sites in
various samples.”? 1t is known that the pre-edge peak height and intensity are closely

related to the local symmetry type, and they can be employed to gain insight into the
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coordination structure when comparing with the model compounds of specific
coordination environment. The pre-edge peak height monotonically decreases as the
vanadium structure changes from tetrahedral too ctahedral coordinationa nd square
pyramidal. Ass hown in Figure 5.3, the pre-edge peak height of vanadium domain in
various samples lay between those of reference compound Na3;VO, (tetrahedral) and

NH4VOs; (distorted tetrahedral), evidencing a distorted tetrahedral coordination for the

Table 5.2, Energy positions of various spectral features in the V K-edge XANES spectra

Sample Pre-edge Main-edge Epccdge-Eo Ecgge-Epre.  Pre-edge  Pre-edge

peak position®® (eV) edge (6V)  peak height peak

position®  (eV) (a.u.) intensity"

(eV) (a.u.)
Na3;VOq4 5469.5 5482.0 4.5 12.5 0.65 2.37
NH4sVO3 5469.5 5481.3 4.5 11.8 0.50 2.03
PbV;0¢ 5469.5 5481.1 4.5 11.6 0.44 1.79
V205 5469.9 5480.1 4.9 10.2 0.37 1.58
V204 5469.9 5478.3 4.9 8.4 0.24 1.31
6V-X 5469.9 5482.2 4.9 12.3 0.52 1.73
6V-X-A?  5469.5 54822 4.5 12.3 0.48 1.66
6V-X(C) 5469.9 5481.7 4.9 11.8 0.58 1.83
6V-X(C)-Ad 5469.9 5482.0 49 12.1 0.57 1.88

* The uncertainty in peak position is estimated to be +0.4eV.
® Main edge position is chosen as the mid point of absorption jump
“ Peak intensity is calculated by peak height * width at half maximum

¢ the samples after epoxidation reaction

72



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

vanadium ion exchanged samples.”” The quantitative XANES results of vanadium-
containing samples and reference compounds are summarized in Table 5.2. The
distance between the pre-edge energy and the main edge energy is a measurement of the
oxidation state of vanadium.?? The Eedge-Epre-edge Value for V7'is greater than 10.7 eV as
in V;0s, and this value decreases with lower oxidation states vanadium such as V204
(Eedge=Epre-edge =9.5 €V). The Ecgge-Epre-edge values of 6V-X and 6V-X(C) samples are
12.3 and 11.8 eV, respectively, suggesting the vanadium cations are in V" state which
is consistent with the result of UV-vis and UV-Raman spectra. The pre-edge peak
intensity has been found to be correlated to the size of “molecular cage”.”* The results
summarized in Table 5.2 exhibit that the pre-edge intensities are between the values of
NH4VO; and V,0s, suggesting that the vanadium domains are of cage size between

those of NH4VO; and V;0s, which confirms the V°* valence in these samples.

5.2 Catalytic Performances in trans-Stilbene Epoxidation and cis-Cyclooctene

Epoxidation
The catalytic epoxidation process is the same with the part of section 4.2.

5.2.1 Catalytic Performances in trans-Stilbene Epoxidation

The results oft rans-stilbene epoxidation for 24 h over V-X and V-X(C) catalysts
with different vanadium contents are presented in Figure 5.4. Parent zeolite support
presents about 17% conversion and 70 % selectivityt owards stilbene oxide. The
conversion of frans-stilbene shows a linear increase over V-X catalyst respect to the
vanadium loading and remains at a constant conversion of 95 % with the vanadium
content greater than 3 wt.%, directly suggesting that the vanadium active centersa re
highly dispersed supported on zeolite. The stilbene oxide selectivity slightly increases
with the vanadium content no more than 3 wt.%, while the benzaldehyde selectivity
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decreases. The selectivity remains stable at 85 %, 12 %, and 2.9 % towardss tilbene
oxide, benzaldehyde, and benzoic acid, respectively under high vanadium loadings. The

vanadium sites are more favorable to stilbene oxide, which suggests the V** centers act
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Figure 5.4 (a) frans-stilbene conversion on V-X and V-X(C) samples with different
vanadium loading; (b) selectivity of tran-stilbene oxide, benzaldehyde, and benzolic
acid over V-X and V-X(C) samples with different vanadium loading. The reaction

condition: 338K, 24h, 1 atm.

as a base in the zeolite to decline the selectivity towards benzaldehyde. The selectivity
of benzoic acidr emains at a low level, indicating the mild acids trength. For the

calcined vanadium catalysts V-X(C), a similar trend appears in the conversion and
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selectivity except that both the conversion and stilbene oxide selectivity are remarkably
lower compared to the V-X catalyst. Asw e discussed in the characterization results,
both as-synthesized and calcined catalysts show the similarc haracteristics of vanadium
active centers, e.g., oxidation state, local coordination, the difference in the catalytic
activity over these two catalysts can be explained that the calcination may cause the
migration of vanadium sites from superc age to SOD cage, the lowerc onversion in V-
X(C) sample may be due to that the vanadium sites in the smaller SOD cage are less

accessible to the reactant of trans-stilbene and TBHP molecules.

To further probe the confinement effect ofze olite channels, Figure 5.5 shows the
initial reaction rates of rrans-stilbene epoxidation using TBHP over 3V-X and 3V-X(C)
catalysts. 3V-X exhibits a slighter higher initial conversion compared to that of 3V-
X(C). Reactions over both catalysts show a linear increase with time-on-stream, while
the conversion over 3V-X increases more rapid than over 3V-X(C). The dimension of
zeolite pores should play a crucial rolei n controlling the reaction, TBHP enters the
zeolite channels, reacting with vanadium to form vanadium peroxo radicals to initiate
the epoxidation 2*. As it is suggested, the vanadium species in V-X samples are mostly
located in the supercage, it is easy for TBHP to enter and form the vanadium peroxo
radicals, and whereas the vanadium in SOD cages in V-X(C) catalyst is hardly
accessible to TBHP due to the small dimension of SOD cages. Both as-synthesized and
calcined catalysts show the similar trend in the selectivities of stilbene oxide,
benzaldehyde and benzoic acid. The selectivity towardss tilbene oxide increases with
reaction time, implying the gradually increased amount of peroxo radicals. The
selectivity of benzaldehyde declines slowly while the decrease of benzoic acid
selectivity is remarkable during the first 10 h. This can be due to the oxidation of trans-

stilbene over abundant acid sites in the zeolite and the formation of peroxo radicals is
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insufficient to complete the overall oxidation in the initial several hours. The 3V-X
catalyst also shows constantly highers tilbene epoxide selectivity than that of 3V-X(C),

indicating the V-X is a better epoxidation catalyst than V-X(C).
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Figure 5.5 (a) trans-stilbene conversion change with different time over V-X and V-
X(C) samples, (b) selectivity of tran-stilbene oxide, benzaldehyde, benzoic acid over V-
X and V-X(C) samples with different time. The reaction codition: 338K, 1 atm, 3 wt.%

vanadium.

Figure 5.6 shows the variation in frans-stilbene conversion and product selectivity
with increasing the reaction temperature over 3 wt.% V-X and V-X(C) catalysts. The
conversions increase with the temperature over both catalysts. The selectivities of

stilbene epoxide alsoi ncrease while the selectivities of benzaldehyded ecrease. The
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selectivities of benzoic acid slightly increase over the reaction temperature range. The
trans-stilbene epoxidation is an endothermic reaction and high temperature would favor
the reaction thus leading to the increase of conversion and selectivity. The V-X sample
shows higher conversion and stilbene epoxide selectivity over all the temperatures with
lower benzaldehyde selectivity and similar benzolic acid selectivity compared with the
V-X(C) sample. Activation energies are also calculated as shown in Figure 5.10. The
activation energies for trans-stilbene epoxidation over 3V-X and 3V-X(C) catalysts are
33.37 and 43.15 kJ/mol, respectively. The 3V-X catalyst shows lower activation energy

than 3V-X(C), evidencing the reaction can be easily activated over the former catalyst.
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Figure 5.6 (a) trans-stilbene conversion change with different temperature, (b)
selectivity of fran-stilbene oxide, benzaldehyde,benzoic acid with different temperature.

The raction condition: 24h, 1 atm, 3 wt.% vanadium.
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5.2.2 Catalytic Performances in cis-Cyclooctene Epoxidation
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Figure 5.7 The influence of vanadium content on (a) cis-cyclooctene conversion and (b)

cyclooctene oxide selectivity. The reaction condition: 338K, 24h, latm.

The results of cis-cyclooctene epoxidation over vanadium-containing zeolite with
different vanadium contents are presented in Figure 5.7. Comparing with trans-stilbene
epoxidation, the conversion of cis-cyclooctene is lower which is caused by the cis-
structure and less nucleophilic substitution effect of the reactant molecules . As shown
in Figure 5.7(a), the conversion increases rapidly to 54 % with vanadium content less
than 3 wt.%; a higher vanadium loading results in the decrease of conversion,
suggesting that only a optimized vanadium content would lead to high conversion for

the cis-cyclooctene epoxidation reaction over the vanadium X zeolites. The 3V-X(C)
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catalysts show the similar trend in conversion. The V-X catalysts exhibit higher
conversion than the V-X(C) catalysts which is consistent with the results of
characterization and frans-stilbene epoxidation. The selectivities ofc yclooctene oxide

over both catalysts remain constant at around 95 %.
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Figure 5.8 (a) cis-cyclooctene conversion with different temperature, (b) cyclooctene
oxide selectivity with different vanadium content. The reaction condition: 24h, 1 atm, 3

wt.% vanadium.

The catalytic performances under different temperatures are carried out over these
two catalysts. For V-X catalyst, the conversion rapidly increases with the temperature.
The V-X(C) catalyst also shows an increase with the temperature but less significant
increase rate compared to V-X catalyst. The selectivities can be maintained at around 90

%. V-X catalyst exhibits higher conversion than that of V-X(C) over all the tempera-
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Figure 5.9. Activation energy calculated by Arrhenius plot, the activation energies for
epoxidation of trans-stilbene are 33.37 kJ/mol and 43.15 kJ/mol on 3V-X and 3V-X(C)
respectively; the activation energies for epoxidation of cis-cyclooctene are 85.5 kJ/mol

and 51.16 kJ/mol on 3V-X and 3V-X(C) respectively. The test reaction: 1 atm, 24h.
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tures. Activation energies for both two catalysts are summarized in Fig 9 as well. The
activation energies of cis-cyclooctene epoxidation over 3V-X and 3V-X(C) are 85.5 and
51.6 kJ/mol, respectively. The higher activation energy for 3V-X could be the reason of

significant increase of conversion with increasing the reaction temperature.

5.3 Conclusion

A series of vanadium-containing NaX catalysts was prepared by a facile ion
exchange method. Various techniques were employedt o characterize the nature of
vanadium. The results indicated that most of vanadium species was in V°* valance and
in distorted tetrahedral coordination for both as-synthesized and calcined samples.
Though the UV-Raman detected a partly polymeric VO species, no crystalline V05

was formed.

The vanadium species preferred locating in the supercage of the FAU zeolite during
the ion-exchange; the calcination step may trigger the migration of vanadium from
supercage to the SOD cage, suggested by the loss of long range structure of zeolite
support. Catalytic epoxidation was carried out to test the catalytic performance of these
catalysts, these vanadium supported on zeolite catalyst showed superior catalytic
activity in the epoxidation of frans-stilbene and cis-cyclooctene. The as-synthesized
catalysts presented remarkably better conversion and epoxide selectivity than those of
calcined catalysts in both frans-stilbene epoxidation and cis-cyclooctene epoxidation.
These catalytic results of these vanadium-containing catalysts strongly complimented
the characterization results that the migration of vanadium active centers occurred upon

the calcination pretreatment.
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Chapter 6 Response Surface Methodology Using Gaussian Processes: Towards

Optimizing the frans-Stilbene Epoxidation over Co?*-NaX Catalysts

Of particular interest in thiss tudy is the catalytic oxidation process that converts
trans-stilbene into stilbene oxide using molecular oxygen as the oxidant. Stilbene oxide
is a commercially important intermediate used in the synthesis of various fine chemicals
and pharmaceuticals. Conventionally, stilbene oxide is produced using organic peracid
as an oxidant or by a chlorohydrin process, and a large amount ofc hemical waste is
formed.' As a consequence, it is desired to exploit molecular oxygen or air as oxidant
for stilbene epoxidation for the environmental, safety and economic considerations.
Recently, cobalt ion-exchanged faujasite zeolite (Co®*-NaX) has been reported as an
efficient heterogeneous catalyst for the epoxidation of frans-stilbene using O, in the
absence of co-reductant.>® These chapture focused on the synthesis of catalyst and
catalytic performances, but studies on the process of the epoxidation are limited.
Therefore, it is of great importance to optimize the existing catalytic oxidation process,
through investigating the effect of the process factors on the overall performance

(response).

Traditionally, heterogeneous catalysis research heavily relies on tedious

experimental studies, screening a large number of process factors that may affect the
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reaction performance. Despite the wide acceptance of RSM in various scientific
disciplines, the usual “one-factor-at-a-time” approach is still common in catalysis
research. That is, one factori s varied each time, with others being fixed, to investigate
individual factor’s influence on process performance. This “one-factor-at-a-time”
method ignores the interactions between different factors, and has long been criticized
of having little chance (if any) of finding the optimal conditions.*® As Response surface
methodology (RSM) is widely accepted in many scientific disciplinesa consequence,””
we propose a novel GP(Gaussian process)-based RSM framework here to

demonstrate/validate its application in catalytic reaction processes.

RSM isa family of statistical techniques for the design, empirical modelling and
optimization of processes, where the responses of interest are influenced by several
process variables (also termed factors).'”"' RSM comprises the following three major
components: (i) experimental design to determine the process factors’ values based on
which the experiments are conducted and data are collected; (ii) empirical modelling to
approximate the relationship (i.e. the response surface)b etween responses and factors;
and (iii) optimization to find the best response value based on the empirical model. In
addition, the above three-stage procedure is typically operated in an iterative manner,
where the information attained from previous iterations is utilized to guide the search
for better response variables. RSM is particularly applicable to problems where the
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understanding of the process mechanism is limited and/ori s difficult to be represented
by a first-principles mathematical model. RSM has seen wide applications in many
scientific disciplines, including chemical,’ mechanical® and logistics systems’.
Depending on specific objectives in practice, these RSM techniques differ in the
experimental design procedure, the choice ofe mpirical models, and the mathematical

formulation of the optimization problem.

An appropriate design of experiments (DoE) is the pre-requisite for a successful
experimental study. The classical fractional factorial and central composite designs
were proposed to investigate the interactions of process factors based on polynomial
models.'" The other class ofd esigns is motivated by the concept of “space-filling” to
havet he design points being uniformly distributed within the range of each factor.
Among this class the Latin hypercube sampling (LHS)'? is probably the most widely
adopted method as a result of its simple implementation and good performance. For this
reason, LHS is a preferred method in practice, and it is adopted for experimental design
in thiss tudy. There has been considerable effort to improve the LHS to obtain more

1314 although improving the uniformity is at the expense of

uniform design points
significantly higher computation.

Aftere xperimental data is collected according to the design points, the next step of

RSM is to develop an empirical model for the response surface. The traditional method
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is to fit a polynomial function (typically linear, quadratic or cubic polynomial) to the
data, followed by identifying the factor values that optimize the objective function.
However, the prediction accuracy of the empirical model is usually unsatisfactory when
using polynomial functions, and consequently the identified optimum is unreliable. To
address this issue, artificial neural network (ANN) was proposed to provide a more
accurate estimation of the response surface, and it demonstrated improved optimization
results in various applications.'*"”

The primary purpose of this study is to apply Gaussian process (GP) regression as
the empirical model for RSM. GP models have recently received considerable attention
in process systems engineering and chemometrics.'*® GP can be viewed as an
alternative approach to ANN because a large class of ANN-based Bayesian regression
models converge to GP in the limit of an infinite network.”’ GP models can also be
derived from the perspective of non-parametric Bayesian regression,22 by directly
placing Gaussian prior distribution over the space of regression functions. The fact that
GP modelsa ttain both good practical performance and desirable analytical properties
motivates the current work, where the polynomial function or ANN is replaced by GP
for process optimization. In addition to prediction accuracy, GP models are also known
for the capability of providing reliable prediction variance, which measures the

1.23

uncertainty of the studied model.” As a consequence, the model-based optimization
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problem can be formulated to account for the uncertainty, and the identified optimal
process factors are remarkably more robust against the modelling uncertainty.

In a broader literature, GPr egression has been applied to mechanical system
optimization,® and notably used as “metamodel” for the optimization of complex

functions and computer models.?*?**

Thep redictive uncertainty obtained by GP was
utilized in various ways. Apley et al.** considered a “worst-case scenariod nd proposed
to maximize the statistical lowerb ound. More elegant criteria were discussed by Jones
% to optimize the “probability of improvement™ or “expected improvement”, and this
idea was later used in *°?’, As the name suggests, metamodel is to approximate another
complex computer model using a GP, whilst in the current study we are concerned with
approximating and optimizing a real chemical process. Although the methodology for
optimizing a computer model and a real process is largely similar, there is a salient
distinction between them. Specifically, computer model itself is an approximation of the
real process. As a result, in order to apply the optimal conditions obtainedf rom a
complex model to a real process, additional uncertainty resulting from the mismatch
between the computer model and reality has to be accounted for; see » for a

comprehensive discussion on this matter. In this paper, we restrict our scope to the

development of RSM for the optimization of real chemical processes.
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The rest of this chapter is organized as follows. Section 6.1 gives a brief description
of the catalytic stilbene oxidation process. Section 6.2 presents the proposedR SM
framework, including four major components: the LHS method for experimental design,
the GP model fora pproximating the response surface, model-based “region-searching”
(to be presented subsequently) and model-based optimization. To facilitate the adoption
of the proposed methodology, the software tools to implement the RSM framework are
either made freely available (if written by the authors) or identified through relevant
links. Results and discussions are given in Section 6.3, followed by concluding remarks

in Section 6.4.

Table 6.1: The process factors. The response variable to be maximized is the stilbene

conversion (%).

Process factor Range
Temperature, x; (°C) 60— 120
Partial pressure of oxygen, x2( Bar) 02-0.8

Initial stilbene concentration, x;

(mmol/15mL)

200, 300, 400, 500, 700, 1000,
Stirring rate, x4 (rpm)
1250

Reaction time, x5 (min) 30-240
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6.1 Experimental

In thiss tudy, a lab-scale catalytic reaction isu tilized asa test-bed to validate the
proposedR SM technique. Specifically, we are interested in maximizing the trans-
stilbene conversion rate in thee poxidation of trans-stilbene over Co®*-NaX catalyst
using molecular oxygen as the oxidant. Five process factors are considered: reaction
temperature, partial pressure of oxygen, initial frans-stilbene concentration, stirring rate
and reaction time. The range of these factors to be explored is listed in Table 6.1.

Sodium form Zeolite X (NaX) was purchased from Sigma-Aldrich. Unit cell
composition of NaX was NaggAlgsSij04O3s4 With unit cell dimension of 24.94 A. The
BET surface area of the zeolite was 608 m”g"'. Cobalt-exchanged zeolite (Co**-NaX)
was prepared by ion-exchange of the NaX with 0.1 M Co(NOs), aqueous solution with
1:80 ratio of NaX zeolite to Co(NO;), followed by heatinga t 80 °C for 4 h. The
resulting powder was filtered and washed with deionized water until it is free from
unexchanged cobalt ions. The washed Co**-NaX sample was dried at10 0 °C for 4 h.

The liquid phase catalytic trans-stilbene epoxidationr eactions were carried out
using a batch-type reactor operated undera tmospheric pressure. In a typical reaction, a
measured amount of frans-stilbene (> 96%, Aldrich), 200 mg of Co**-X catalyst, and 15
ml of N,N-dimethylformamide (DMF, > 99.8%, J.T.Baker) were introduced into a 50

ml round-bottomed flask followed by bubbling O, or O, diluted with N; into the liquid
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at a flow rate of 50ml'min”'. The reaction was initiated by immersing the round bottom
flask into an oil bath under desired reaction temperature. The solid catalyst was filtered
off after reaction, and the liquid organic products were analyzed by an Agilent gas
chromatograph (GC) 6890 equipped with a HP-5 capillary column (30 m long and 0.32
mm in diameter, packed with silica-based supel cosil). Calibration of GC was done
using solutions with known amounts of benzaldehyde, benzoic acid, stilbene, and
stilbene oxide in DMF. The conversion was calculated on the basis of moles of stilbene

as follows:

(initial moles) - (final moles)

Conversion (%) = (initial moles)

x 100% (6.1)

6.2 Response Surface Methodology using Gaussian Processes

The proposed RSM framework is operated in an iterative manner and is summarized

step by step as follows.

Step 1: Use LHS to obtain design points that are uniformly distributed over the

whole factor space.

Step 2: Conduct experiments at the design points, and collect the response data.

Step 3: Develop GP regression model to approximate the response surface.
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Step 4: If this is NOT the final iteration

Then:

(a) Find the region of factors that is predicted (using the GP model)t o give

better response variable.

(b)  Use LHS to allocate design points that are uniformly distributed over this

region, and go to Step 2 for the next iteration.

Else:

(c) Solve the mathematical optimization problem based on the GP model to

obtain the optimal values of the process factors.

(d)  Conduct final experiment(s) to verify the optimal conditions.

In the initial iteration, little knowledge is available regarding the factors’ values for
desirable response variables, and thus LHS will be used to uniformly fill the entire
factor space withd esigned points (Step 1). At Step 2, actual experiments will be
conducted carefully at the design points to obtain the corresponding response variables,
followed by Step 3 to develop a GP model to approximate the relationship between the
response and process factors. In Step 4, if this is not the final iteration, a model-based

approach is used to identify the region off actors that is more likely to produce better
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responses (Step 4(a)), followed by using LHS to generate design points within this
region for experiments in next iteration( Step 4(b)). Step4 (a)(b) is referredt o as
“region-searching” in thisp aper. After several iterationso f this procedure, the factor
space has been well explored and no more iterations are needed. In this case, Step 4 is
to use a model-based optimization approach to obtain the optimal values of the process
factors (Step 4(c)), followed by the final experiment to validate the optimal conditions
(Step 4(d)).

Conceptually, this iterative procedure is similart o the traditional catalyst screening
practice. However, the conventional methods search forr egion-of-interest purely based
on experimental data and intuition. In contrast, the proposed strategy takes advantage of
a GP model to predict a better region of factor’s values. Therefore, RSM is a rational, as
opposed to trial-and-error, approach to process optimization. We discuss each

individual step within an iteration in more detail below.

6.2.1. Experimental Design through Latin Hypercube Sampling

The key objective of DoE is to select the values of process factors in such a way that
the obtained experimental data are representative of the design space being explored
and informative to predict the process responses. This section presents a specific DoE

method, Latin hypercube sampling (LHS),'? and its incremental algorithm.
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LHS is a special “space-filling” DoE method that selects the factors’ values to be
uniformly distributed. It was shown that LHS is more efficient than randomly
generating the uniform samples from the design space. For the same number of design
points, the modelling and estimation accuracy of LHS is substantially better than those
of random sampling.'? Specifically, let R, (k=1,...,K) be the range of values of factor
k and N be the number of design points to be generated. The first step of LHS ist o
divide the range of each factor &, Ry, into N equally spacedi ntervals, followed by
uniformly sampling from each interval to result in N values for this factor:

Xy»J=1,...,N . Subsequently, these N values are randomly permuted to have a better

coverage of the design space. This procedure is repeated for all the K process factors to
attain K x N values: x,,k=1,...K, j=1,...,N, which form the N design points, each
being K dimensional. More details of LHS can be found in '2. The LHS algorithm has
seen applications in various disciplines, partly due to its relatively simple
implementation and its wide availability in statistical software packages (e.g. Statistical
Toolbox for Matlab).

The capability to incrementally increase the design points is clearly a desired
property of LHS and other DoE methods, since RSM is often conducted iteratively. A
straightforward approach is to apply the LHS algorithm multiple times to add more

design points without any consideration of previous data. However, althoughL HS
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guarantees that each set of points are located in the equally spaced N intervals at each
dimension, the entire data set does not necessarily cover the design space uniformly.
We illustrate this phenomenon in Figure 6.1 in which a single process factor is
considered. Initially, two design points are generated and located in two equally spaced
intervals (Figure 6.1(a)), followed by adding two more design points. If these two new
data are generated by repeating LHS algorithm, it only guarantees that the new points
are separately located in the original two intervals; however, they can be close to the
original data and thus undesirable (Figure 6.1(b)(c)). To address this issue, we adopt a
simple but efficient incremental approach for LHS.*” Suppose N; design points were
previously generated by LHS and N> additional points are required, the incremental
algorithm divides the range of each factor into (N;+N;) equal intervals. Clearly, at least
N> of the intervals do not contain any previous data. It is possible that there are more
than N, empty intervals due to more than one data point falling into the same interval.
Therefore, we randomly select N;e mpty intervals and generate a random sample from
each of them. The above procedure is repeated for each factor to attain N, new design
points. Note that the incremental algorithm does not guarantee that all (N;+N;) design
points are allocated into (N,+M,) equally spaced intervals because some intervals may
not be occupied if there are more than N, empty intervals. Nevertheless, this algorithm

isa fast and efficient way to obtain significantly better coverage oft he design space
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than repeated LHS. A Matlab implementation of the incremental LHS algorithm is

available from: http://www.ntu.edu.sg/home/chentao/.

(a)
I I I
H— 3
I I I
0 0.5 1
Factor 1
(b)
I I i I
*-O
| |
0 0.5 1
Factor 1
(c)
| 5 |,E I | I
S——¢
| | I
0 0.5 1
Factor 1

Figure 6.1 Illustration of incremental LHS using one design factor within the range of
[0 1]. (a) Initial two design points (denoted by “x™) generated by LHS. (b) Two

additional design points (denoted by “0”) generated by one more run of LHS; they are
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close to the initial points and do not provide desired overall coverage of the range. (c)

Two additional design points generated by incremental LHS.

6.2.2. Gaussian Process Regression Modelling

The idea of Gaussian process (GP) can be dated back to the classical statistical
method by O’Hagan.** However, the application of GP as a regression (and
classification) technique was not common until late 1990°s, when the rapid
development of computational power facilitated the implementation of GP for large

data sets. Recently, GP models have seen successful applications in various fields,

19,31 18,20

including chemical process modeling, ™" chemometric calibration of spectrometers,
and mechanical system modelling and optimization.® In this subsection, a brief
overview of GP regression technique is given, including the formulation and
implementation of the model.

From the perspective of a regression problem, a functional relationship is identified
between the K dimensional predictor variables (factors), x, and the response y. Consider
a training data set of size N: {x,y;i=1,...,N} that was obtained by conducting
experimentso n the designed points. A GP regression model is defined such that the

regression function y(x) has a Gaussian prior distribution with zero mean, or in discrete

form:
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Y= (s 2a)" ~G(0,C) (6.2)

where C is an NxN covariance matrix of which the jj-th element is defined by a

covariance function: C, = C(x,,x,) . An example of such a covariance function is:

K K
C(x,,x,)=a,+aq, Z XX 3+ V, exp(— Z W (X, — X, )2) +0’8, (6.3)

k=1 k=1

where x, is the k-th variable of x, and § =1 if i=j, otherwise § =0. We term
0=(a,,a,,vy,W,,...,w,,0")" “hyper-parameters” defining the covariance function. The
hyper-parameters must be non-negative to ensure that the covariance matrix is non-
negative definite. For thec ovariance function given in Equation (6.3), the first two
terms represent a constant bias (offset) and a linear correlation term, respectively. The
exponential term is similar to the form of a radial basis function, and it takes into
accountt he potentially strong correlation between the responses with similar predictors.
The term o captures the random error effect. By combining both linear and non-linear
terms in the covariance function, GP is capable of handling both linear and non-linear

" . . 22
data structures.'® Other forms of covariance functions are also discussed.

For a new datap oint with predictor vector x, thep redictive distribution of the

output ¥ conditional on the training data is also Gaussian, of which the mean (') and

variance (0';.) are calculated as follows:
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Y =Kk'(x")Cy (6.4)

a;. =C(x" ,x)-k'x)C'k (x)) (6.5)

Where k(x') = [C(x.ax])s---)C(X.HX,V)]T b

The hyper-parameters ¢ can be estimated by maximizing the following log-

likelihood function:
l ] T -1 N

L =log p(y |8, X) ==l |C|= oy €7y ==—tag(2m) (6.6)
This is a non-linearo ptimization problem which can be solved by using gradient based
methods, e.g. the conjugate gradient method.”” These methods require to calculate the
derivative of log-likelihood with respect to each hyper-parameter 6, which is:
L _ Vil 2€ \p Lyme1 28 6n
30 2“(C ae]+2y € % C7 ©-7)
where 0C/06 can be obtained from the covariance function. A Matlab implementation
of the GP models is used top roduce the results in this chapter and it is publicly

available from http://www.gaussianprocess.org/gpml/code/matlab/doc/.

It should also be noted that the calculation of the likelihood and the derivatives involves
a matrix inversion step and takes time of the order O(N°), which can be extremely

demanding for large data set. Fortunately in the context ofR SM, the experiments are
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costly to run, and the available data are normally limited and should not pose a
computational problem for GP modelling. In addition, for large data sets, sparse training

strategies may be employed to significantly reduce the computational cost.”?

6.2.3. Model-based Region-searching

The GP model that relates the process response y to the factors x provides the basis
to guide the search for more promising process factors, referred to as “region-
searching” in this study. Once a betterr egion of factors is identified, the LHS method
will allocate new design points to this region for next-iteration experiments. In this
stage, model robustness emerges as an issue because of the predictive errors (and thus
uncertainty) that are inevitable when using a statistical regression model. The predictive
uncertainty must be considered and accounted for in order to identify a trustworthy
optimal region. Fortunately, GP models are capable of giving the uncertainty (through
variance) of the prediction in addition to a mean predicted value, and the uncertainty

should be incorporated into the region-searching method.

In this paper the worst-case scenario is consideredt o deal witht he prediction
uncertainty. Suppose the objective is to maximize the response variable, we instead
maximize the lower-bound of the response predicted by the GP model. Similar
approach was adopted in 2 for the optimization of computer simulation of mechanical

systems. Mathematically we seek to obtain the region of process factors defined by:
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{x:y(x)-1.960,(x)>c AND o, (x)>b AND xeS§} (6.8)

where j(x) and ¢ (x) are the predictive mean and standard deviation obtained from GP

model (Equations (6.4)(6.5)), respectively, and S denotes the range of the process
factors as given in Table 6.1. Since the prediction from GP is Gaussian distributed,

y(x)-1.960 (x) corresponds to the 95% lower-bound of the prediction, and c is a user-

chosen value. Essentially, this is to search for the factors such that the 95% lower-bound

of the response is greater than c. Furthermore, the constraint ¢, (x)>5 is to avoid

allocating design points to well-explored region, where the GP model is quite certain
about its prediction (i.e. with small ¢,(x)) and thus further experiments in this region
are not necessary. The choice of b and ¢ is dependent on specific applications, and this
will be discussed in the next section.

It should be noted that the proposed method may not explore the region with high
variance and low prediction (i.e. predictive lower bound less than ¢). With more design
points in this region, it is possible that the prediction becomes higher. As a result, our
approach does not guarantee to find the global optimum of the process. However, since
we use LHS to allocate multiple initial design points to cover the whole design range,
the possibility of obtaining a poor local optimum is fairly low, and our method appears

to give satisfactory results as demonstrated in the application study (Section 6.4). One

possible way to address this issue is to also search for {x:0(x)>d AND xe& S} in
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addition to Equation (6.8), where d can be set to a relatively large value to explore high
variance region. A more disciplineda pproach is to adopt the concept of expected
improvement.?’” Currently, the effectiveness of thesea nd other methods are under
further investigation.

Clearly there are infinite number of design points that satisfy Equation (6.8). Hence
the region-searching essentially becomes a constrained DoE problem, where the factors’
values are selected to be uniformly distributed in the constrained space that is defined
by Equation (6.8). This constrained DoE problem can be solved as follows. Suppose
from previous iterations, N design points were used and the experiments were
conducted, and now N, new design points are to be generated. Then we can generate N,
design points using incremental LHS algorithm (discussed in section 6.2.1), and find the
points such that Equation (6.8) holds. Suppose n out of N; points satisfy this constraint,
and thus we canf urther generate N;-nd esign points using incremental LHS. This
procedure is repeated until a total of N design points satisfy the above constraint, and
these points are selected fort he experiments in next iteration. The proposed procedure
is an effective solution to the constrained DoE problem, since the incremental LHS
algorithm ensures a uniformed distribution of the design points within the entire factors’
range (x « s ), and thus the points selected will also be uniformly distributed within the

region given by Equation (6.8).
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6.2.4. Model-based Optimization

Once the factors’ space is well explored through several iterations of the RSM
technique, the final step is to conduct the optimization of the response variable. Similar
to region-searching step, the optimization problem is formulated to maximize the 95%
lower bound of predicted response variable, subject to the constraint on the factors’

range (x e S ):

m?x(j}(x)—- 1.965,(x)) st xeS (6.9)

This is typically a mixed-integer optimization problem, i.e. continuous process factors
(e.g. reaction temperature) are coupled with categorical and discrete (or integer) factors.
For example in the reactor available in our laboratory, the stirring rate is fixed to seven
different values (200, 300, 400, 500, 700, 1000 and 1250 rpm, see Table 6.1) due to
instrument constraint, and thus the stirring rate can only take a discrete set of values. It
is well known that mixed-integer problems are dramatically more difficult to solve than
continuous problems, and the computation time increases rapidly with the number of
discrete factors.”” To solve this optimization problem, an in-house branch-and-bound
algorithm was developed under Matlab computational environment. A comprehensive
optimization toolbox for Matlab (i.e. TOMLAB: http:/tomopt.com/tomlab/) is

commercially available and could also be used for solving this problem.
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6.3 Results and Discussions

Table 6.2: Designed experiments and resultant stilbene conversion y (%): the first

iteration.

Run No. X1 X2 X3 X4 X5 ¥y
1 73 0.62 325 1250 162 1.42
2 107 0.41 495 1000 182 18.95
3 110 0.65 1.95 700 76 13.31
4 118 0.79 1.25 300 112 42.78
5 88 0.76 2,95 500 152 6.72
6 68 0.33 4.50 400 238 1.52
7 71 0.37 2.65 200 198 1.75
8 91 0.21 4.25 1250 228 9.50
9 104 0.57 1.65 300 126 20.13

10 76 0.28 3.50 500 138 1.99
11 84 0.47 1.95 400 200 9.54
12 98 0.71 2.25 700 40 4.00
13 115 0.55 1.45 200 214 55.00

14 102 0.35 2.80 1000 42 4.00
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15 93 0.49 3.30 200 178 9.49
16 81 0.72 3.90 700 64 1.08
17 113 0.30 1.15 1250 50 12.02
18 78 0.54 4.65 400 146 1.88
19 63 0.67 2.50 500 90 0.01
20 96 0.25 3.80 300 98 5.63

This section demonstrates the application of the proposed RSM framework fort he
optimization of stilbene conversion of a catalytic oxidation process. In the initial
iteration, the knowledge about the process is relatively limited, and the LHS algorithm
is used to obtain 20 design points within the whole range of five factors for experiments.
The designs and corresponding stilbene conversion rates are given in Table 6.2.

Following the reaction experiments, the response surface is approximated by a GP
model. However, before the model is applied for subsequent region-searching or
optimization purpose, its predictive capability should be validated. In this study, we
adopt the method of leave-one-out cross-validation (LOOCV) * to validate theG P
regression model. LOOCV takes a single data point from the entire data set as the
validation data, and then develop a GP model using the remaining data points. Hence

the errorf or the validation data can be calculated. This procedure is repeated such that
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each data point is used once for validation, and the overall validation error (typically in
terms of root mean squared error (RMSE) orc oefficient of determination (Rz)) is used
as the criterion to assess model quality. In addition, to considert he effect of prediction
uncertainty, we also use the average negative log predictive density (NLPD)® * defined
by

N
NLPD = -3 log p(3(x,) = »,|x,) (6.10)
i=1

toa ssess the prediction performance. When prediction is Gaussian distributed with
mean y(x,) and variance o‘f,(x,), p(j/(x;.)zy, |x,) corresponds to the calculation of a
normal density function with mean y(x,)— y, and variance cy?(x,.). NLPD reaches its
minimum if all predictions are equal to the true value and the predictive variances are
zero. It was shown *° that given a prediction, the optimal variance is the squared error of
the prediction mean. Therefore, NLPD penalizes both over-confident (small variance)
and under-confident (large variance) predictions, and it is a reliable criterion to quantify
the prediction quality under uncertainty. For the purpose of comparison, the
conventional multiple quadratic polynomial regression model is also developed. Figure
6.2 gives the prediction results of LOOCYV for both GP and quadratic regression model.
Clearly, the GP model (RMSE=5.42, R*=0.85, NLPD=6.07) has attained significantly

higher prediction accuracy than the quadratic regression (RMSE=7.66, R*=0.70,
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NLPD=8.52). A final GP model is then developed from all the available data, and this

model will be used for either region-searching or optimization subsequently.
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Figure 6.2 Prediction results (the first iteration) using leave-one-out cross-validation for
GP (RMSE=5.42,R ?=0.85, NLPD=6.07) and quadratic regression (RMSE=7.66,

R*=0.70, NLPD=8.52) models.

Table 6.2 and Figure 6.2a Iso indicate that most experiments didn ot result in
satisfactory conversion rate of stilbene. Indeed, only four experiments attained
conversion rates higher than 15%. Therefore, it may be premature to claim that the

optimal region has been well identified for process optimization. However, these
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experiments do provide important information as to which region of the factors’ space
is more promising to improve the conversionr ate. Following the region-searching
algorithm presented in section 6.2.3, we search for a new set ofd esign points x such
that the 95% lower-boundp redictionf rom the GP model is sufficiently large (i.e.
$(x)-1.960,(x)>c) andt he prediction uncertaintyi s also large (o ,(x)>b ). The
choice of b and ¢ is subject to the experimenter’s discretion. Based on the experimental
results obtained in iteration 1, it may be reasonable to set c=15%, in the hope to explore
the factors’ region with conversion higher than 15%. In addition, we set b to be the
average standard deviation of predictions in the LOOCV procedure, so that to generate
design points that are not well predicted by the current model. Based on these choices,
the incremental LHS algorithm generates a new set of 20 design pointsa ss hown in

Table 6.3, which also lists the conversion rates obtained through reaction experiments.

Table 6.3 Designed experiments and resultant stilbene conversion y (%): the second

iteration.
Run No. X) X3 X3 X4 X5 y
21 112 0.73 1.83 200 174 38.07
22 119 0.40 4.17 300 158 18.47
23 116 0.22 2.12 1000 139 27.75
24 118 0.42 1.09 1250 147 59.28

108



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

25 119 0.48 4.10 200 221 28.99
2% 120 021 1.01 500 133 31.90
7 106 0.54 2.18 700 236 42.40
28 113 0.80 3.42 500 203 28.10
29 115 0.63 3.93 200 185 23.18
30 112 0.61 1.54 1250 136 44.45
31 119 0.65 1.73 300 180 61.05
3 113 0.60 2.26 1250 129 30.29
33 116 0.70 2.47 700 200 56.53
34 110 0.69 428 400 161 15.79
35 117 0.20 4.98 200 219 7.52
36 104 0.45 1.42 1250 166 35.97
37 109 0.28 4.54 400 202 12.29
38 109 0.48 1.67 1000 239 59.04
39 120 0.57 2.87 300 223 51.47
40 119 0.31 1.19 700 79 22.64

A comparison between Table 6.2 and 6.3 confirms that the RSM framework has

successfully identified more promising region of the process factors. On average, the
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conversion rate of the 20 experiments in Table 6.3 is 34.76%, which is a dramatic
improvement over the average conversion of 11.04% in Table 6.2. The maximal
conversion achieved in Table 6.3 is 61.05%, aso pposed to 55.00% in Table 6.2. In
addition, recall that the objective of the region-searching in iteration 1 is to find the
process factors with conversion higher than 15%. This objective has been fulfilled for
most experiments in Table 6.3, except the 15th and 17th runs (conversion rate of 7.52%
and 12.29% respectively). Therefore, it appears that the GP model is reasonably reliable
for predicting the process response variable.

In principle, the RSM can be iterated multiple times as required, and the number of
iterations should be decided by the experienced experimenters after careful examination
of the results. The primary purpose of the present study is to demonstrate and validate
the proposed RSM framework, and thus the number of iterationsi s restricted to two.
Indeed, the specialists in catalytic reactions also feel that the identified factors in Table
6.3 may be close to the optimal condition achievable given the current experimental
environment.

To enable theo ptimization in the final iteration, a new GP regression model is
required to approximate the response surface, using all the 40 data available in Table
6.2 and 6.3. Again, the LOOCV approach is employed to assess the prediction

capability of GP and conventional quadratic regression models, and the prediction
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results are shown in Figure 6.3. With more data available in iteration 2, the prediction
accuracy of both GP and quadratic models has been improved in comparison with
iteration 1. Adding more data typically has significant effect on reducing the prediction
error in RSM, since initially the data are very limited. However, due to the time and
cost associated with experiments, it may be unrealistic to request a large amount of
experimental data to be collected in the process design and development stage.
Therefore, advanced modelling approaches should be utilized if they can provide more
accurate predictions than conventional methods on the same amount of data. Figure 6.3
indicates that, again, the GP model (RMSE=3.77, R*=0.96)i s superiort o the quadratic
regression (RMSE=5.31, R*=0.92) in terms of lower RMSE and higher R value.

Based on the finally developed GP model from all the 40 experimental data, the
optimization problem defined in Equation (6.9) is solved using branch-and-bound
algorithm. The optimal process condition is found to be: x;=120 °C (temperature),x ;=0.63
bar (partial pressure of oxygen), x3=1.00 mmol/15mL (initial stilbene concentration),
x4=1250 rpm (string rate), and xs=120 min (reaction time), and the GP model predicts the
conversion rate to be 94.51%. The actual experiment at this claimed optimal condition

attains a conversion rate of 93.45%, which is reasonably close to the predicted value and is
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regarded as satisfactory under the current constraints of experiments.
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Figure 6.3 Prediction results (the second iteration) using leave-one-out cross-validation
for GP (RMSE=3.77, R*=0.96, NLPD=3.06) and quadratic regression (RMSE=5.31,

R*=0.92, NLPD=3.60) models.

Besides searching for the optimalp rocess conditions, one important task of RSM is
to understand how the process factorsi nfluence the response variable, which can be
visualized by the response surface plots as given in Figure 6.4. In each plot we illustrate

the conversion rate against two process factors, and thus a total of 10 plots would be
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Figure 6.4 The response surface of conversion as a function of temperature and (a)

oxygen pressure, (b) stilbene concentration, (c) stirring rate, and (d) reaction time.

needed to present the combinations of every two factors. For demonstration purpose,

Figure 6.4 only includes fourp lots to considert he effect of temperature and other four

factors. The response surfaces were obtained by calculating the response of the final GP
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model through varying the two factorsw ithin their range, whilst keeping other three
factors to have the optimal values as given in the previous paragraph.

Figure 6.4 clearly indicates the trend of the stilbene conversion as a function of
process factors. Within the range unders tudy, it appears that higher temperature, faster
stirring rate and longer reaction time lead to better conversion, which is consistent with
our chemical intuition. Indeed, the identified optimal condition for these three factors
corresponds to their maximum value within the range (refer to Table 6.1 for the factors’
range). In contrast, loweri nitial stilbene concentration results in better conversion rate,
since a smaller amount of stilbene needs to be converted and thus the optimal condition
for this factor is at its minimum value of 1.00 mmol/15mL. Finally, Figure 6.4(a) shows
that the conversion rate increases when oxygen pressure increases from 0.20 bar to
approximately 0.63 bar, and then decreases with further increase in the pressure. The

identified optimal oxygen pressure is 0.63 bar.

6.4 Conclusions

This chapter has proposed an iterative RSM framework for the modelling and
optimizationo f a chemical reactionp rocess. The keyc omponent of this proposed
framework is a novel statistical approach, i.e. GP regression, which is used as the
empirical model for RSM. Compared with traditional regression methods, GP models

have been demonstrated to attain the capability ofp roviding high prediction accuracy
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and reliable prediction uncertainty. The desirable properties of GP model are the basis
for model-based range-searching and optimization in the iterative framework. The
proposed methodologyh as beens uccessfully applied to the optimizationo f trans-

stilbene epoxidation over Co>*-X catalysts.

In principle, the presented RSM framework is applicable to general “processes” in
diverse fields of science, engineering, management, amongo thers, where empirical
models are developed from designed experiments to facilitate the rational, instead of
“trial-and-error”, design and optimization of the processes. Currently, we are
investigating the extension of the methodology to consider multiple objectives that are

to be optimized.
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Chapter 7 Summary

Different transition metal molecular sieves were synthesized with extensive
characterization techniques tod emonstratingt heir physical and chemical properties.
These materials were applied in the liquid-phase epoxidation catalysis and radius of
pore curvature effect, pore structure effect were discussed in details. The proposed RSM
framework was also used in the modeling and optimization of liquid-phase epoxidation

processes.

To get an advanced study the pore size and structure effects of mesoporous
materials, vanadium wasi ntroduced to three different kinds of mesoporous molecular
sieves (MCM-41, SBA-15 and TUD-1) by grafting method. The vanadium on these
supports was uniform inc oordination and highlyd ispersed on the support surface
within a control vanadium content (<=3 wt%) demonstrated by series characterization
methods. Catalytic epoxidation of frans-stilbene and cis-cyclooctene were taken out as a
probe reaction to test the pore structure effect with the different type of catalysts. Both
the catalysis reactions show a better active performance of 3-D pore structure TUD-1
than the 2-D pore structure MCM-41 and SBA-15. This demonstrates the widely open
3-D structure can decrease the pore diffusion of reactants and allows greater

accessibility of the reactants to the active sites embedded on the pore wall surface.
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Asm ost mesoporous materials are still not applicable in the industry, epoxidation
catalysis using zeolites as support is studied. A series of vanadium-containing NaX
catalysts was prepared by ion exchange method. Various characterization techniques
were employed to detect the vanadium location and the results indicated that most of
vanadium species was in V>* valance and in tetrahedral coordination for both the V-X
and V-X(C) samples. The vanadium species can be easily driven into supercage of the
FAU zeolite during the ion-exchange while calcination step would lead to the shift of
vanadium to the SOD cage. Epoxidation of trans-stilbene and cis-cyclooctene were
carried out to test the catalytic performance of the catalysts. The V-X samples
performed betterc onversion and epoxide selectivity than those of the V-X(C) samples
both for the frans-stilbene epoxidation and the cis-cycooctene epoxidation. The
catalytic results of the vanadium-containing catalysts are in agreement with the location

of vanadium oxide species in the V-X and V-X(C) samples.

To find an optimism method for the epoxidation, we proposed an iterative RSM
framework for the modeling and optimizationo f chemical reactionp rocesses. The
central component of the proposed framework is a novel statistical approach, i.e. GP
regression, which is used as the empirical model for RSM. Compared with traditional
regressionm ethods, GP models have been demonstrated to attain the capability of
providing high prediction accuracy and reliable prediction uncertainty. The desirable
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properties of GP model are the basis form odel-based range-searching and optimization
in the iterative framework. The proposed methodology has been successfully applied to
the optimization of trans-stilbene epoxidation over Co**-X catalysts. In principle, the
presented RSM framework is applicable to general “processes” in diverse fields of
science, engineering, management, among others, where empirical models are
developed from designed experiments to facilitate the rational, instead of “trial-and-
error”, design and optimization of the processes. Currently, we are investigating the

extension of the methodology to consider multiple objectives that are to be optimized.
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Appendix

A.1 A non-Sodium Synthesis of Highly Ordered V-MCM-41 and its Catalytic

Application in Isomerization

MCM-41 has become one of the most popular mesoporous molecular sieves in the
family of M41S, which was disclosed in 1992 by Mobil oil Corporation.? Due to its
unique properties, e.g., well defined mesostructure, narrow pore size distribution,
tuneable pore diametera nd high specific surface areas, MCM-41 has been widely used
in heterogeneous catalysis, separation, electronics as well as optical fields.** However,
MCM-41 ini ts pure siliceous form shows limited applications in catalytic organic
transformation due to the lack of active sites.** Hence, modification is necessary by

incorporating active components into the MCM-41 framework.

In recent years, the developmento f transition metal incorporated MCM-41 materials
hasa ttracted much attention in the fields of heterogeneous catalysis.”” Exploring the
novel formulation to produce metal incorporated mesoporous MCM-41 with a scalable
process is the first critical stept o achieve their industrialized applicationo f these
materials. Various preparation routes can be adopted to synthesize metal incorporated
MCM-41 catalytic materials, e.g., ion-exchange,®® post grafting,'” direct synthesis,

impregnation,”"® and chemical vapour deposition.'* Most of these reported methods
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usually utilize NaOH to get an alkali solution or use Na,SiOs as the silica source.
However, the elimination of complications arising from sodium is highly desired for the
application of metal ion incorporated MCM-41 as catalytic material because sodium has
a negative effect in the substitution of metal ions, catalytic reactions, and stability."”
Furthermore, the procedures of ion-exchange and post grafting methods are very

complicated.

Vanadium containing MCM-41 has been widely investigated for the oxidation
catalytic reaction.*'® In this study, rapid synthesis of vanadium incorporated MCM-41
(V-MCM-41) materials with well-ordered mesostructure in the absence of sodium is
reported; the direct hydrothermal synthesis is formulated with the addition of ammonia
solution. The effects of ammonia addition and vanadium incorporation will be discussed

in detail.

Alkene isomerizationh as been receiving considerable attention inr ecent years,

17,18 19-21

focusing mainly on butene isomerization, " as well as C5 and C6 alkene reactions.
The long chain naphtha ist he main components of high octane gasoline. C7 alkenes
represent one of the largest contributions to the alkene pool. Isomerizationo f C7
alkenes can increase the octane number of heavy naphtha dramatically, which has great

potential for improving the resistance of a fuel to knock. S. A. Goddard et al. studied the

C7 alkene hydrotreating activity over CoMo/ALO3,> while Wehrer et al. carried out C7

122



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

isomerisation ofa lkenes on molybdenum oxidesu nder rapid flow ofh ydrogen.”® The
iron-catalyzed alkene isomerization was also investigated.”* However, the low surface
areas of these catalysts have restricted their performances. As reported, MCM-41 shows
much lower activity in catalytic cracking compared to USY or Beta zeolites because
MCM-41 materials only presents mild acid sites.”>”® The incorporation of vanadium
species manipulates the acidity on the MCM-41 pore wall surface to some extent. Along
this line, one can predict that V-MCM-41 can be a good candidate for alkene
isomerization. Herein, it is also reported the studyo f heptene isomerisationu nder

hydrogen flow over V-MCM-41 mesoporous molecular sieves.

A.1.1 Experimental

The synthesis process of V-MCM-41 is shown in section 3.2.2.

In the heptene isomerization, 200 mg catalyst was loaded in the quartz reactor which
was equipped with the thermocouple beside the catalyst bed for better monitoring of the
pre-treatment and reaction temperature. The reactor was installed vertically inside a 35
mm i. d. tubular furnace controlled by a programmable PID temperature controller.
Before each reaction run, the catalystw as pre-treated in situ in a hydrogen stream at67 3
K for 1 h. Hydrogen was regulated by mass flow controller at 20 ml/min. Heptene with
constant flow rate of 0.005 ml/min was controlled by a HPLC pump. The volume ratio

of reactant feed mixture is 4.2 vol. % heptene vapour and 95.8 vol. % hydrogen. The
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weight hourly space velocity (WHSV) was changed from 0.5 to 2 h” by changing the
catalyst weight. The entire micro-reactor, including the pipelines, was heated at 393 K
to vaporize the heptene and avoid condensation of the products. The feedstock and
products were analyzed by an on-line gas chromatograph (Agilent 6890) equipped with

FID detector and PONA column.

A.1.2 Catalysts Characterization

A.1.2.1 X-ray diffraction

It is well known that MCM-41 is typically characterized by an X-ray reflection in
the vicinity of 26 =2°. In MCM-41 samples, the XRD peaks do not result from local
order in the atomic range, but from the ordered channel walls. The powder XRD
patterns of the calcined Si-MCM-41 and V-MCM-41 samples are shown in Figure A.1.
Figure A.1(a) shows the XRD patterns of Si-MCM-41 prepared with different amounts
of ammonia. A well ordered two-dimensional hexagonal structure can be observed,
giving a sharp (100) plane diffraction peak and the diffraction peaks ofh igher miller
index planes, (110), (200), (210), and (300). The Si-MCM-41 sample prepared with
modest amount of ammonia shows the best structure, suggesting that the alkali
environment will affect the hydrothermal synthesis to some extent, which is in good
agreement with the literature reported elsewhere.?” The vanadium incorporated MCM-

41 samples (V-MCM-41) exhibit similar structure to that of Si-MCM-41(Figure A.1(b)).
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The main (100) diffraction peaks of V-MCM-41 samples shift to lower angle compared
to that of Si-MCM-41, which may be caused by (i)t he incorporation of vanadium ions
in which V-O has longerb ond than that of the Si-O, and (ii)t he thickening of the pore

wall due to the transition-metal-promoted cross-linking of the amorphous silica walls.”®
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Figure A.1 X-ray diffraction patterns of Si-MCM-41 and V-MCM-41: (a) Si-MCM-41
synthesized with different amounts of ammonia; (b) V-MCM-41 with different

vanadium content.
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A.1.2.2 Nitrogen Physisorption
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Figure A.2 Nitrogen physisorption of V-MCM-41with different vanadium loading (a)
isotherm graph of Si-MCM-41, 1V-MCM-41, 2V-MCM-41 and 3V-MCM-41 (b) Pore

size distribution of Si-MCM-41, 1V-MCM-41, 2V-MCM-41 and 3V-MCM-41.

The nitrogen physisorption was conducted for a series of V-MCM-41 samples with
different vanadium contents. The nitrogen adsorption/desorption isotherms and the
corresponding pore sized istributions are depicted in Figure A.2. The isotherms are

assigned to type Langmuir IV isotherm according to the IUPAC classification. The
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capillary condensation shows a sharp step increase in the relative pressure (P/Po) range

of 0.3-0.4 for all V-MCM-41 samples, suggesting typical mesoporous structure with

uniform pore diameters. The uniformity of the pore structure changes with the

incorporation ofv anadium cations. The more the vanadium incorporation, the broader

the pore size distribution of V-MCM-41 samples (Figure A.2(b)). Apparently, the

incorporation of a large amount of vanadium disrupts the structure of V-MCM-41 over

some distance, which is similar to the effect of other transition metal ions on the MCM-

41 structure reported elsewhere.”” The physicochemical properties of V-MCM-41

samples are summarized in Table A.1. The surface area and pore volume decrease when

Table A.1 Listo f physicochemical properties of Si-MCM-41 and V-MCM-41.

v T BET Mesopor Pore Wall
est Pore - - :
a b Surface e Diamete ; thicknes
content content Ar Vol Volume spacing
%) (Wt %) Y onme (cec/g) ' (nm)
(o ) (mig)  (cclp) ® () (nm)
0 0 970 0.98 1.10 2.83 3.93 1.7
1 0.59 877 0.93 1.00 2.82 4.20 2.04
2 0.93 810 0.85 0.95 2.97 4.10 1.77
3 1.42 922 0.95 1.79 2.97 4.14 1.81

* vanadium content added when synthesis.

® vanadium content tested by ICP.
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large amount of vanadium is incorporated. The pore diameter and wall thickness

become larger as the result of the vanadium incorporation into the MCM-41 silica

framework.

A.1.2.3 Diffuse reflectance UV-Vis spectroscopy

Table A.2 List of Edge Position of V-MCM-41 samples and the standard samples.

Sample name Edge Position Standar*d Edge position Coor.d§nati0n
(eV) sample (eV) condition
Si-MCM-41 - Na3vVO4 4.4 Tetrahedral
Distorted
1V-MCM-41 4.16 NH4VO3 32
Tetrahedral
Distorted
2V-MCM-41 3.98 PbV206 2.8
Octahedral
Square
3V-MCM-41 4.04 V205 2.4
Pyramidal

* The standard samples are prepared by mixed pure chemical with Si-MCM-41 by grinding.

The local environmental formation of metal cations in an oxide domain can be
revealed by UV-Vis spectroscopy. Iti s known that the quantum size effectr esults in the
relationship between the optical band gap energy and the domain size. Diffuse

reflectance UV-Vis spectra of V-MCM-41 samples are shown in Figure A.3(a).T here is
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no absorbance in the range of 600-800 nm region, indicating the lack of the
characteristic d-d transitions of (VO)?***° This is probably caused by the valence of
vanadium changing from 4+ to 5+ during the calcination. Alls amples show absorbance
bands in 247 and 374 nm, which are attributed to the isolated vanadium species
incorporated into the framework and on the pore wall surface, respectively.''*' The
absence of the 320 and 450nm bands indicates there is no polymeric V-O-V bond and

V,0s crystallites in these V-MCM-41 materials."'

The shape and shift of the absorption edge oft he UV-Viss pectrum are useful in
understanding the basic mechanism of optically-induced transitions in crystalline and
non-crystalline materials, providing local structural coordination information. The edge
position is determined in ac lassic approach ** by finding the energy intercept of a
straight line fitted through the low energy rise in the profile of [F(R.)x hv]? vs hv, where
F(R.) is the Kubelka-Munk function. This suggests ane xXpressiont o correlate the
absorption coefficientt o photon energy, and the order of the power function depends on
whether the transitions are allowed or forbidden.> However, different order of power is
determineds implyb y the best linear fit of the energy gapc urve for the cases of
vanadium oxide species. The V-MCM-41 and referential samples with standard
compounds (V,0s, NHsVO3, PbV,0¢, and Na;VOy) are tested. The transformations of

[F(Rm)th]zv s hv of samples 1V-MCM-41, 2V-MCM-41 and 3V-MCM-41 are shown
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in Figure A.3(b). The absorption band reflects a ligand to metal charge transfer band

(LCT) transition.® Band gap edge energies of various V-MCM-41 samples are shown in

Table A.2. All the band gap edge energies of V-MCM-41 samples fall into the region

between Na3VO, (tetrahedral) and NH4VO; (distorted tetrahedral) indicating that the

vanadium species in these V-MCM-41 samples is located in the distorted tetrahedral

coordination.
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Figure A.3 UV-vis spectrum of V-MCM-41, (a) absorbance graph of V-MCM-41 (b)

UV absorption edge of V-MCM-41.
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A.1.2.4 UV-Raman spectrascopy
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Figure A.4 Raman spectra V-MCM-41 materials

UV-Raman spectroscopy is used toe lucidate the molecular nature of vanadium
domains. The Raman spectra of V-MCM-41 samples with different vanadium loading
are shown in Figure A.4. The peak at 486cm™ is due to the threefold siloxane rings and
siloxane bridges on the silica support.** A strong Raman band at ~1033 cm” assignable

to the symmetric V=0 stretching vibration of isolated VO4 species can be observed for
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all the V-MCM-41 samples.**® The broad Raman band at ~915 cm’ is the
characteristics of Si-O- and Si(-O-); functionalities corresponding to the perturbation in
silica vibrations, which may be an indication of the V-O-Si formation.’” No significant
band at ~141 cm corresponding to crystalline V,Os can be observed. Furthermore, the
absence of typical band at 995 cm™ of V,0s implies no polymeric crystalline V,0s is
formed in the V-MCM-41 samples, which is in good agreement with UV-Vis results.
These observations suggest the vanadium domains in the siliceous framework or on the

pore wall surface are all in an isolated state, without aggregation to form crystalline

VzOs.

A.1.2.5 Electron Paramagnetic Resonance (EPR)

EPR is a powerful and sensitive technique for investigating the oxidation states,
surfaces, bulkc oordination andt he physical form of a transition metal oxide. Vadl
cations are very convenient EPR probes because the *'V (natural abundance 99.8%)
nuclei have a large magnetic moment leading to informative hyperfine structures (5=1/2;
I=7/2). Figure A.5 shows the EPR spectra of calcined V-MCM-41 samples. There is no
tetravalent vanadium (V*") signal shownf or 0.2 wt. % V-MCM-41 sample, which
indicates that nearlya 11 vanadium has been oxidizedt o 5+ during the calcination.
However, samples with higher V content show an axially symmetrical signal of

tetravalent vanadium which originated from the 4’ electron interaction with nuclear spin
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signals with nuclear spin of °'V. The spectrum indicates only one vanadium site and the
spin Hamiltonian parameters are g=1.984 and A=110G where A is the hyperfine
coupling constant. Thiss ignal can be assigned to tetrahedrally coordinated vanadium
inside the pore wall of MCM-41, which cannot be fully oxidized during the calcination.
No spin-spin interaction among V** ions indicates that V** is highly dispersed in the

. 38,39
silica framework.

3V-MCM-41

2V-MCM-41

l‘/\/\/\"\/\/‘-‘" 1V-MCM-41

o "’\/.. 0.2V-MCM-41
——

T T r T
2500 3000 3500 4000 4500

Figure A.5 EPR spectra (1" derivative) of 0.2V-MCM-41, 1V-MCM-41, 2V-MCM-41,

and 3V-MCM-41.
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Figure A.6 H,-TPR profiles of impregnated vanadium on different catalysts.

(a),(b),(c),(d) represent impregnated V/MCM-41, 1V-MCM-41, 2V-MCM-41, 3V-

MCM-41.
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A.1.2.6 Hydrogen temperature programmed reduction (H>-TPR)

By H2-TPR analysis, not only the reducibility and stability of the metal supported or
unsupported catalysts can be revealed, but also the more profound surface chemical
information, i.e., metal species, metal distribution, the loading of different metal surface
forms, can be ideally provided. In this study, the temperature programmed reduction
was carried out from 323K to 1073K for 1V-MCM-41, 2V-MCM-41, 3V-MCM-41 as

well as the impregnated V/MCM-41.

The Ha-TPR profiles are shown in Figure A.6. The strong reduction peak at around

778K is attributed to the reduction of vanadium in the framework. Only one sharp

reduction signal for 1V-MCM-41, 2V-MCM-41, 3V-MCM-41 indicates theun iform
distribution of vanadium species with single valence state, the valence state changes
from V°* to V** after reduction calculated by the hydrogen consumption. For the
vanadium impregnated sample V/MCM-41, there is a board peak around 607K due to
the presence of the vanadium on the surface of MCM-41 in which there is a lack of

strong interaction with MCM-41 support.

A.1.2.7 Ammonia Temperature Programmed Desorption (NH3;-TPD)

The temperature programmed desorption of basic molecule such as ammonia (NH3-
TPD)i s one of the most commonly used methods for measuring the surface acidity of
porous materials. The NH3-TPD profiles of 1V-MCM-41, 2V-MCM-41 and 3V-MCM-
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Figure A.7 NH3-TPD results of V-MCM-41 materials.
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Figure A.8( a) XRD patterns of 1V-MCM-41 before and after reaction of heptene
isomerization.  (b) Isotherm graph of 1V-MCM-41 before and after heptene
isomerization reaction (c) Pore size distribution of 1V-MCM-41 before and after
heptene isomerization reaction. A represents the sample before reaction and B

represents the sample after reaction.

41 samples are shown in Figure A.7. Only one broad desorption peak is observable at
medium temperature range, and the peak position is almost identical at 524K for all the
samples, suggesting the similara cidity strength which is in the mild acidity range. The
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total amounto f Bronsted acid sites increases with the content of vanadium incorporated
in the silica framework ofM CM-41. The calculated acidity amount for 1V-MCM-41,
2V-MCM-41 and 3V-MCM-41 are 0.012mol/g, 0.048mol/g and 0.097mol/g,
respectively. The correlation between total acidity amount and vanadium content gives
the evidence that the acidity in the V-MCM-41 is mainly caused by the vanadium sites

in the structure.”'

A.1.2.8 Structure stability after reaction

N, physisorption and XRD experiments were performed to test the structural
stability of V-MCM-41 catalysts under reaction conditions, as shown in Figure A.8. The
XRD patterns illustrate that the V-MCM-41 sample still preserves its good hexagonal
structure even under reaction conditions. Nitrogen physisorption was alsot ested as
shown in Figure A.8 (b) and (c); it confirms the XRD results that our V-MCM-41

samples are stable under this isomerization reaction conditions.

A.1.3 Heptene isomerization

In this study, V-MCM-41 is demonstrated as a good catalyst to catalyze the heptene
isomerization due to its mild acidity. Alkene isomerization shows more complicated
reaction scheme compared to alkane isomerization. Besides the skeletal isomerization
and double bond shift, hydrogenation of alkene to the corresponding alkane

accompanies isomerization under hydrogen environment. In this study, the isomer
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selectivity is defined as the total isomerization (skeletal isomerization and double bond

shift reaction) over the total C7 conversion (skeletal isomerization, double bond shift

reaction, and hydrogenation).
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Figure A.9 Catalytic results about the conversion and selectivity of heptene isomers by

Si-MCM-41, 1V-MCM-41, 2V-MCM-41 and 3V-MCM-41.
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Figure A.10 Linear relationship between Ink vs 1/T for V-MCM-41.

The conversion and isomer selectivity of heptene isomerization over V-MCM-41
samples are shown in Figure A.9. Pure siliceous Si-MCM-41 exhibits the conversion of
around 10% and does not change significantly with temperature. The low conversion is
probably due to the weak acidic sites of Si-MCM-41 arouse from the silanol groups on
the pore wall surface.”” The isomer selectivity (~92%) stays constantw ithin the range of

reaction temperature tested in this study. For 1V-MCM-41, 2V-MCM-41, and3 V-

140



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

MCM-41 catalyst, the conversion of heptene is similar with the Si-MCM-41 when
temperature is below 550 K, whereas a remarkable increase of heptene conversion
occurs at the temperature above 550 K. The conversion reaches 90% at 673 K and the
selectivity maintains above 83%, suggesting that vanadium cations bring stronger acidic
sites into V-MCM-41 than that of silanol group and these acidic sites become more
active at the temperature above 550 K.*' Increasing vanadium content from 1 to 3 wt. %
gives higher conversion under high temperature (> 650 K). The selectivity ofi somers
slightly decreases for the V-MCM-41 catalyst with high vanadium content, e.g., from
94% to 84% for 3V-MCM-41 at temperature about 650 K due to more hydrogenation
occurs at high temperature. These results indicate that V-MCM-41 mayf avor both
isomerization and hydrogenation at high temperature, although isomers are still the
main product. The absence of cracking and cyclo-alkene products, even under high
temperature (650 K), suggests the good potential for industry application of V-MCM-41
as a catalyst for alkene isomerization.

Activation energy of the reaction was calculated using Arrhenius plot shown in
Figure A.10. Two stage of linear relationship is observed. The activation energiesf or
1V-MCM-41, 2V-MCM-41 and 3V-MCM-41 are calculated as 10.2, 10.3 and 10.2
kJ/mol, respectively between temperature of 513 K and 393K, which may be attributed

to the diffusion limitation of heptene in the V-MCM-41 channels under low temperature.
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The activation energies are 52.4, 46.8 and 32.7 kJ/mol for 1V-MCM-41, 2V-MCM-41
and 3V-MCM-41, respectively between temperature 550 K and 700 K. The decrease of
activation energy can be explained by the addition of more O-vacancy when vanadium

cations incorporate into the silica framework.*
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Figure A.11 Conversion and selectivity of isomers with different WHSV (0.5h", 1h™,

2h™") on 2V-MCM-41.
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Figure A.12 Conversion and selectivity of isomers overl ong time test on 2V-MCM-41

under 593K.
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Weight hourly space velocity (WHSV) effect was tested by varying the weight of
2V-MCM-41 catalyst, shown in Figure A.11 (WHSV=0.5h", lh', 2h™h. Increasing
WHSYV leads to a lower heptene conversion due to the insufficient contact between
catalyst and reactant flow. Interestingly, the selectivity of isomer was observed to
increase with the space velocity at elevated temperature, suggesting that high WHSV is
favorable to isomerization than hydrogenation. When the temperature is above 673 K,

the effect of different WHSV on heptene conversion becomes less significant.

The long-term stability of 2V-MCM-41 catalyst was tested under 593 K for 40
hours as shown in Figure A.12. The conversion gradually decreases, whereas the
selectivity of isomers shows a rapid increase via reaction time. After 1600 min, the

stabilized conversion and isomer selectivity are 70% and 93%, respectively.

A.1.4 Conclusion

A series of highly ordered V-MCM-41 samples were successfully synthesized
rapidly using ammonia solution. The XRD and N, adsorption/desorption showed that
the samples possess highly ordered structure and narrow pore size distribution. UV-Vis,
UV-Raman, and EPR characterizations indicated that the vanadium ions in the
mesoporous molecular sieves were in a tetrahedral coordination and distributed on the

pore wall surface with an atomic level dispersion. The heptene isomerization results
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showed that V-MCM-41 catalysts presented high conversion and isomer selectivity

because of its mild acidity brought by the vanadium incorporation.
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