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ABSTRACT

This thesis has studied the alteration of various metal species of Ga- and Ag-incorporated
zeolite during the reaction and preparation which can readily influence with their catalytic activity
and selectivity. Metal-incorporated zeolite should be applied and designed for converting
biomass-derived compounds which is a rich hydrocarbon resource 6f Thailand to more valuable
petrochemical products. The model reactions, (i) ethane dehydrogenation to ethylene, (ii)
aromatization of ethanol to benzene, toluen‘é‘,' ethylbenzene, an'(i xylene, and (iii) deoxygenation of
benzaldehyde and m-cresol to oxygen-free aromatics are focused on this study.

The metal-incorporated zeolites are prepared by ion-ey.«.:hange and impregilétion method
over ZSM-5 and Beta zeolites. These modified zeolites are treated with hydrogen or steam in
order to investigate the alteration of metal species. Catalytic testing over the fresh and treated
metal-modified zeolites are performed using pulsed and continuous fixed bed reactors in ordér to
investigate activity at initial and steady state, respectively.

In AgHZSM-5, the Si/Al ratio of the host zeolite strongly influences the reducibility of
the Ag species and the types of the reduced Ag species formed. Upon reduction with H, at 425 °C,
metallic Ag clusters (Ag’) are readily formed in a low silica sample, AgHZSM-5(1 1). For a
higher silica sample, AgHZSM-5(28), most of the reduced Ag' species, formed at 425 °C, are
cationic Ag clusters (Agmm) with small amounts of the metallic ones. Under inert atmosphere, the
cationic Ag clusters can readily undergo reversible interconversion at relatively low temperature
(< 425 °C) and give back charge-balancing Ag cations (Ag"). This phenomenon is suggested to
play a decisive role in the catalytic activity of AgHZSM-5 towards BTX formation in the

presence / absence of hydrogen.
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In [Ga]JHZSM-5, the formation of different Ga species is regulated by the temperature,
the presence of water and H,. Incorporation of Ga species into HZSM-5 leads to the formation of
active GaO" which readily reacts with the chemisorbed water to form GaO(OH). The dispersed
GaO(OH) can further react with the defect framework of zeolite, forming additional Brensted
acid sites associated with Ga in the framework (=GaOHSi=). The additional acid site could be
obtained only at lower temperature (< 425 °C). Such acid sites can ‘promote ethylene
oligomerization, reforming of higher hydrocarbons, and benzaldehyde decarbonylation in a
manner similar to that exhibited by conventional Brensted acid sites. Upon heating, GaO(OH) can
be dehydroxylated back to GaO" (~300 °C) in the absence of water or dehydrated to form Ga,0,
at high temperature (> 450 °C). Under such reaction condition, the activity for small olefin
aromatization can be recovered. Particularly, in the H, reduction at 550 °C, the reduced Ga
species, Ga', GaHz+ are readily formed. Such reduced Ga species would facilitate the ethane
dehydrogenation, benzaldehyde and m-cresol hydrogenation and hydrogenolysis activity at high

temperature.

v



ACKNOWLEDGEMENTS

The author wishes to express his sincere thanks to his advisor, Assoc. Prof. Dr. Tawan
Sooknoi for his supervisions, helpful suggestions, caring, understanding and encouragements
throughout this research.

Also, he wishes to thank Prof. Dr. Daniel E. Resésco for his stimulating suggestions and
encouragement in research in the United States.

He is also grateful to Asst. Prof. Dr. Vanchat Chuenchom, Assoc. Prof. Dr. Sakda
Trisak, Assoc. Prof. Dr. Thirasak Rirksomboon and Asst. Prof. Dr. Piboon Pantu for serving as
the chairperson and the committee, and valuable comments.

He wishes to thank Prof. Dr. Jumras Limtrakul and Asst. Prof, Dr. Piboon Pantu for their
suggestions and help in temperature-programmed hydrogen evolution, Dr. Wantana Klysubun for
her help in X-ray absorption spectroscopy, and Dr. Chanci1an;1 Thanachayanont for her help in
transmission electron microscope.

He would like to extend his sincere appreciation to ail of his teachers, and his friends for
their constant guidance advice, support and encouragement, )

Sincere thanks are due to Rayong Olefins Co., Ltd. and Thailand Research Funds (TRF)
through the Royal Golden Jubilee Ph.D. Program (Grant No. PHD/0213/2548) for financial
support. He acknowledges the Department of Chemistry, Faculty of Science, King Mongkut’s
Institute of Technology Ladkrabang and School of Chemical, Biological and Materials
Engineering, University of Oklahoma for the equipment, chemicals and facilities.

He deeply appreciates and thanks his parents and his family for their constant supports
and encouragements.

Finally, the author dedicates this thesis to His Majest'y the King for Royal Opinion to

make him think about the good of the community.

Artit Ausavasukhi



CONTENTS

Thai ABSITACE. .......iiuiiiiieiiie ettt e e et e e e e e
English ABSIract.......coouuiuniiiniiiiii e e,
ACKNOWIEAZEIMENLS. .....uiivniieieiee it eetieee et e et e e e e e e e e e,
COMEEIES. . ettt e et e e e e e e
List Of tables. .......oiiiiiiiiiiiiie e
List of fIGUIES. ... .ooiiiiiiiiiie e e
Chapter 1 Introduction.........ccceumiieiiniiiiiieeeiieeei e e ee e ee e e e,
1.1 Statement and significance of the problems............. e eeerre e ————

‘1.2 Goal and objectives........ ...... et

1.3 Scope of the study...........c..ccuvenennnn... et tre et ana I e

1.4 Expected results.........cccevveiiiiniiniininnn.n. ....................
References......c..coeinviiiiiiiiiiiiniiiiii e, erenes e

Chapter 2 Zeolite Catalysts SR LT T PP PP EE P PPPRPPPTIE AP e
2.1 ZeOlite...oveiiiienieeeeiee et e

2.1.1  Zeolite composition and structure.................cc.uvvee.en.nee.

2.1.2 Zeolite catalysiS.........cuueerrnrereeeniiinniiinneeennarenas ST

2.1.3  ZSM-5 zeolite.........oeeennnn..... R UORRORRRS. e

2.14 Betazeolite.......c..ccooviiniiniiiiniiniiniiniinnen. e

2.1.5 Shape selectivity ofzeolites............................... .........

2.1.6  Modification technique for metal-loa;ling zeolite catalyst.....

2.1.7  Metal-modified zeolite...............veuneiueeeneiniiinaannnnn,

2.2 Hydrocarbon resource for Thailand...............c.cceevneeeennniiiiniiin,
221 Natural @aS.....c....ouviviniiiineeenneeeeneennnn, TS

2.2.2  BIOMASS...c.ieuiiiciiiiiiei et ee e et e e e n e
References.........cocovuveniiiiiiiiiii i e

\2!

12
13
14
15
16
17
18
20



CONTENTS (continued)

Chapter 3 Experimental Details. ............cccovreeuruiieeiiinieeeeeeeeeoeeeeeeee oo
3.1 ReBEENMS....cuviiiiiiiiiiii et
3.2 APDATAIIS. ..ottt e
3.3 Process Of StUAY......coouumeiieummieei e

3.3.1 Modification of zeOliteS...........ceemeeerrveeeeriineeieeon,
3.3.2  Characterization of modified zeolites............................
3.3.3  Catalytic testing.........oueveirnneeeneeeieeeeeeeseee e,
3.3.4  Analysis of products...........ocouemeeenneiiie
3.4 Modification of Zeolites...........uuuureeiiiiiiieeneeeeeeeeeeeee e
3.4.1  Preparation of gallium-impregnated zeolite.....................
342 Preparation of silver ion-exchanged zeolite.....................
3.5 Characterization of Catalysts.................ccovemmnneeeeeeeeseeoieo
3.5.1  Inductively coupled plasma/Atomic emission spectroscopy..
352 X-ray fluorescence. ............uuvunneeerieeeieieeeaee
3.5.3  Scanning electron miCroSCOPY...........eeveeevvvuueeeeeonnnnn.
3.54  Xeray diffraction..........eeeeeiiiiiiiiiee e
3.5.5 Gas adsorption analysis...............couvueeeieneeisieeeo i,
3.5.6  Solid state magic angle spinning nuclear magnetic
TESONANCE. - e cetitieiitit e e e et et ee e e e nenenenenns
3.5.7  Fourier transform infrared spectroscopy.........................
3.5.8  Ammonia-temperature-programmed desorption................
3.5.9  i-propylamine-temperature-programmed desorption...........
3.5.10 Diffused reflectance ultraviolet SPECIrOSCOpPY.....cueuenenn.n...
3.5.11 X-ray absorption near edge structure.............................
3.5.12 Temperature-programmed reduction............................
3.5.13 Temperature-programmed hydrogen evolution.................
3.5.14 Transmission electron miCroSCopy.................eeeeeeonnn,
3.5.15 Isotopic exchange of hydrogen/deuterium.......................
3.5.16 Adsorbed reactant temperature-programmed desorption......

VIl

22
22
23
24
24
24
25
25
25
25
26
26
26
26
26
27
27

27
28
28
28
29
29
29
30
30
30
30



CONTENTS (continued)

3.6 Catdlytic testing.........vuvvverereeereeeeeennnnnn.. ettt 31
3.7 Analysis product...............un........ ettt 33
REfEreNCES. .. .iiviitiiiii e 34

Chapter 4 Ag Species in AgHZSM-5 and Their Reversible Interconversion Behavior. . ... 36

4.1, INtroduCton. .....uuutiiiiie et et e 36
4.2. Experimental details............c.ccoeiiiiimiiiiiiiiieee e 37
4.3. Results and diSCUSSION. .....ccuueeiruneeininieiiin e eeeeeee e 39
4.4, COnCIUSIONS. .....ccviiiieeeereieiitee et e e e e ee e e, 59
ReferenCes. .. evvuneiiiiii e 61

WLET. e, 67
5.1 INtroduction. ... .ovvuiii e, 67
5.2. Experimental details............ccoooiiiiiiiiinnineeiiee e 68
5.3. Results and diSCUSSION. .....c..oeuuuiiiuniiiiiieieee el 69

5.4, CONCIUSIONS. ...utveuniniiiii et 81

REfEreNCES. ... oiviiiiiii e e 82

Chapter 6 Tunable Ga Species in [Ga]HZSM-5 by H, Treatment: A Pulsed Study on

Ethane Dehydrogenation............c.oouuuiiiiuseeenies oo 86
6.1, INtrodUCHON. ....euieiieeete ettt e, 86
6.2. Experimental details.............oceeiiuiiiiiinineeiesieee e 88
6.3. Results and disCUSSION. ...........ouuveeiiiiiieiieeeieeiee e 89
6.4. ConCluSIONS. ..........coiuuiiiiiian e 103
References. ..........oiiiiiii i 105

~

VIII



CONTENTS (continued)

Chapter 7 Catalytic Deoxygenation of Benzaldehyde and m-Cresol over Ga Modified

ZEONME.c.. it rectceeeeerctes et s e e e s s s s eseesersssirensasarsene

7.1. Introduction..............

Part I: Catalytic deoxygenation of benzaldehyde over Ga-modified zeolite. ... ..

7.2. Experimental details.............ooouiviiiiuiiinn i

7.4, Conclusions.....c.ooeuveeneeeeiniininnnnins

Part II: Catalytic deoxygenation of m-cresol over Ga-modified zeolite.............

7.5. Experimental details. .............oooooiuieiieiiis e

7.7, CONCIUSIONS. ...evuiiiiiiec e e e,

References. ......oooviiiiiiiie e

Chapter 8 Conclusions and SUggeStions...................ceeeereeeeemmmeeeisoeee

8.1 CONCIUSIONS. ......uiiiiiiiii it

8.2 SugEEStONS. ..cuuvnii it

Appendix A.......

Appendix B.......

......................................................................................

......................................................................................

IX

108
108
109
109
111
136
137
137
138
156
158

164

164

167

168
173

176



LIST OF TABLES

Table Page
2.1  Composition of natural gas in Thailand.................coeeviieiiimeneoninniiniini, 17
2.2 Gas chromatographic analysis of liquid fraction (wt%) in bio-pyrolysis oil

(BIO001). ettt 19
4.1  Chemical composition and surface area of zeolite samples............................ 39

4.2 Product distribution of ethanol conversion over modified ZSM-5 catalysts........ 55

5.1  Chemical composition and surface area of zeolite samples...........coveereemererne.... 68
5.2 Effect of water co-feeding over Ga-modified HZSM-5.......oveoeeoeeeeeeeeeoeeoeeeoeos 78
5.3 Effect of temperature on ethanol conversion over [Ga]HZSM-5.." .o, 80
6.1  Chemical composition and surface area of zeolite samples..............ccvvrerrerrenen..... 89

6.2 % Conversion of ethane to ethylene over HZSM-5(28) and [Ga]JHZSM-5(28)..... 93

7.1 Chemical composition and surface area of catalyst samples............ooeerrrere........ 111
7.2 Summary of the temperature reduction and H, consumption.......................... 112
73 Acidity of various Catalysts..........c.ureeuuneiunerunneirieeiieeeeeeeeeeeeeeanesean 115
74 Activity of H,/D, exchange of various catalysts...............oeeeueeruneiinieeeinei 119
7.5  Effect of Ga and type of CarTier gas..........oeeeeivuniiinnieeneeieiieeeeeeeannn 122
7.6 The effect Of SUPPOTt......uiuuiitiiiiiie e 132
7.7 Effect of water co-feeding............oovueiiiiiniiiiiiie e 133
7.8 Chemical composition and surface area of catalyst samples...........oceooererreeener..... 138
7.9  Effect of Cammier Bas......covieiiiiiiini it 143
7.10  Effect 0f Ga CONtENt......couuiiiiiiiiiiiiii e eeeee e ee e e 145
7.11  Acidity of various Catalysts........ocuueiuniruniinieinie e eeeee e 151
7.12  Activity of H,/D, exchange of various catalysts ............cceeeuueeruseeunnennnnninn, 151
7.13  Effect of supporting material................oouiiuivineinneeeneieeaesee e, 153



Figure
2.1
2.2
23
24
2.5
2.6
3.1
4.1

4.2

43

4.4

4.5
4.6

4.7
4.8

4.9
4.10
4.11

LIST OF FIGURES

Characteristic configuration (a) and its linkage within chains (b) in ZSM-5........
Skeletal diagram of the [010]-plane of the ZSM-5 unit cell...........c...veeveenn..nn.
Skeletal diagram of the [100}-plane of the ZSM-5 unit cell..........cceerreerrrreennees

lustration of the channel structure in ZSM=5.......c.vineniieneiee e
Channel intersection viewed normal to [001]-plane of zeolite Beta...................
Skeletal diagram of the [100]-plane of the Beta unit cell...........cocuveuveenennon..

Flow diagrams of (a) pulsed reactor and (b) fixed bed flow reactor..................

XRD patterns of (a) HZSM-5(11), (b) 3AgHZSM-5(11),
(c) red-3AgHZSM-5(11), (d) HZSM-5(28), (e) 3AgHZSM-5(28), and

() 1ed-3AGHZSM-5(28)...ccuueerneieeteeeeeeeeeeeeeeseeseeseeseseeeesssessess e e

'H spin-echo MAS NMR spectra of (a) HZSM-5(11), (b) 3AgHZSM-5(11),
(c) red-3AgHZSM-5(11), (d) HZSM-5(28), (e) 3AgHZSM-5(28), and

(D) 1ed-3AGHZSM-5(28). . .ev ettt e e,
H,-TPR profiles of 3AgHZSM-5(11) and 3AgHZSM-5(28).....eveeeeeneenerninn,

Primary and secondary H,-TPR profiles of (a) 3AgHZSM-5(11) and

(0) BAGHZSM 5(28).....cevee e
TEM micrograph of (a) red-3AgHZSM-5(11) and (b) red-3AgHZSM-5(28).......

Primary and secondary H,-TPR profiles of (a) SAgHZSM-5(11) and

(D) SAGHZSM-5(28)..ccueeeeeeeee e e
TEM micrograph of (a) red-5AgHZSM-5(11) and (b) red-5AgHZSM-5(28).......

NH,-TPD profiles of (a) comparison data of 3AgHZSM-5(11) and
3AgHZSM-5(28) catalysts. Gaussian deconvolution of the NH,-TPD signal of

(b) 3AgHZSM-5(11) and (c) BAZHZSM-5(28).....eeeeeeeeeeeeeeeeeeee e,
TPHE 0f 3AGHZSM-5(28). ... e e
Primary (a) and secondary (b) H,-TPR profiles of 3AgHZSM-5(28)...............

DR-UV of (a) 3AgHZSM-5(11), (b) 3AgHZSM-5(28),
(c) 1"-red-3AgHZSM-5(11), (d) 1"-red-3AgHZSM-5(28),

(e) 2"-red-3AgHZSM-5(11), and (£) 2"*-3AHZSM-5(28). ...+ vooooeooeoon

X1

40

41

42

44
45

46

47

48
50
51

52



LIST OF FIGURES (continued)

Figure Page
412  AglL,-edge XANES spectra of (a) 3AgHZSM-5(11), (b) 3AgHZSM-5(28),
(c) red-3AgHZSM-5(11), (d) red-3AgHZSM-5(28), (e) AgNO,, and
(B) SIIVEr fOIl. . e e, 53
413 Insitu "C MAS NMR spectra of Ag-modified HZSM-5 zeolite (a) HZSM-5(11),
(b) 3AgHZSM-5(11), (c) HZSM-5(28), and (d) 3AgHZSM-5(28).........ueeuune.. 56
4.14 TPHE of 3AgHZSM-5(28) kept in H, stream after reduction......................... 57
415 'H spin-echo MAS NMR spectra of (a) 3AgHZSM-5(28),( b) 3AgHZSM-5(28)
reduced at 350 °C for 2 hours, then cooled and kept under H,, and
(€) red-3AGHZSM-5(28)......emeeeeeeeeeeeeee e e reerreeeaaaaas . 58
5.1 'HMAS NMR spectra of (a) HZSM-5, (b) [Ga]HZSM-5,
© st-[Ga]HZSM-S treat at 270 °C and (d) HZSM-5, (e) [Ga]HZSM-5, and
(£) st-{GaJHZSM-5 treat at 360 “C.......ooueeeereeemereeeeeeeseeeessseeeesess s 69
5.2 FTIR spectra of (a) st-{Ga]HZSM-5, (b) [Ga]JHZSM-5, and (c) HZSM-5............. 70
5.3 NH,-TPD profiles of (a) HZSM-5(28), (b) [Ga]HZSM-5(28), and

(€) st-[GalHZSM-=5(28). ...ueeeeeeeieeeee e, 72
5.4  Thermograms of (a) HZSM-5, (b) [Ga]JHZSM-5, and (c) st-[Ga]JHZSM-5............. 74
5.5 TEM of (a) [Ga]JHZSM-5 and (b) st-{GaJHZSM-5......ceeoneeeoseeeeee L, 76

5.6  The TPR curves of b-[GaJHZSM-5(28) and st-b-{Ga]HZSM-5(28) treated with
SEEAM 8t 425 °C...ioiiiieieit ettt 77
5.7 % Carbon yield of remaining ethylene and BTX from the reaction of 95 %
ethanol, absolute ethanol, and ethylene using (a) HZSM-5(28) and (b)
[GaJHZSM-5(28) as a catalyst as a function of time on stream....................... 79
6.1  The TPR profiles of (a) comparison data of [Ga]HZSM-5(28), (b) the primary
H,-TPR of [Ga]HZSM-5(28), (c) the secondary H,-TPR of [Ga]HZSM-5(28),
and (d) the tertiary H,-TPR of [Ga]HZSM-5(28)........coceeumeeeereeeeeoeseeeoi, 91

XII



Figure
6.2

6.3

6.4

6.5

6.6

6.7

7.1

7.2

7.3
7.4
7.5
7.6
7.7
7.8
7.9
7.10
7.11

LIST OF FIGURES (continued)

NH,-TPD profiles of (a) HZSM-5(28), (b) [Ga]HZSM-5(28), and
(c) [Ga]HZSM-5(28) reduced with H, at 550 °C...............ooemeececmmeenmrseneen.
Ethane pulsed reaction over [Ga]HZSM-5(28) catalyst with different reaction

COMAIION. L1t ttti ettt et e e e e e e e e e e .

The TPR profiles of (a) b-{Ga]HZSM-5(28) and (b) st-b-[Ga]HZSM-5(28)
treated with steam at 425 °Cl..oeeeiiiiiiiiiieiieee e
Effect of Si/Al ratio and treatment (a) treated with air at 550 °C, (b) treated with
steam at 425 °C for 2 hours, and (c) treated with H, at 750 °Cfor1lhour...........
The TPR profiles of (a) various [Ga]JHZSM-5 different Si/Al ratio,

(b) 3[Ga]JHZSM-5(11), (c) 3[Ga]HZSM-5(28), and (d) 3[Ga]HZSM-5(165).......
TPR profiles of (a) 1{Ga]HZSM-5, (b) 3[Ga]HZSM-5, (c) 6|Ga]JHZSM-5,

(d) 3[Galsilica, and (e) comparison data of Ga supported catalyst....................
IPA-TPD of (a) HZSM-5, (b) red-1[Ga]HZSM-5, (c) red-3[Ga]HZSM-5,

(d) 3[GalHZSM-5, and () st-3[GaJHZSM-5. ... ..ovuueemmeoeeeeeeeeeeeeeeeeeeesa,
The effect Of W/ ... couii e,
H,/D, exchange over (a) HZSM-5 and (b) 3[Ga]JHZSM-5 at 550 °C...............
Benzaldehyde-TPD of 3[Ga]JHZSM-5 treated with H, and run TPD under H,......
Benzaldehyde-TPD of 3[Ga]HZSM-5 treated with H, and run TPD under He.....
The effect of Gacontent............cceeueiuiiiuiiiiiiiiirie e
Benzaldehyde-TPD of 3[Ga]HZSM-5 treated with He and run TPD under He.....
The effect of pre-treatment..............oouiiiiiiiiiiiiiiiiiie e,
Plot of rate of benzene formation versus number of acid sites........................
The effect of temperature with selectivity of product over (a) HZSM-5 and

(D) B[GAJHZSM-5.....uitieiieeeie et e e e

XII

Page

92

95
97

98

100

103

- 112

114
117
119
121
121
123
125
126

127

128



Figure
7.12

7.13

7.14
7.15
7.16
717
7.18
7.19

7.20

721
7.22

LIST OF FIGURES (continued)

Benzaldehyde-pulsed reaction over 3[Ga]HZSM-5 under H, at (a) 450 °C,

(5) 500 °C, and (€) 550 °Cuveernvreeneeiiniiiiiiiie it
Benzaldehyde-pulsed reaction over reduced 3[Ga]JHZSM-5 under He at

(a) 450 °C, (b) 500 °C, and (€) 550 “Cruvvervrinrireeee s et eneen
The effect of water co-feeding (a) without water and (b) with and without water..
Effect of W/F on m-cresol conversion over 3[Ga]HBeta .....ooevieviniiriiiieiennins
Effect of W/F on phenol conversion over 3[Ga]JHBeta.........c...ccceeenvennnennene
TPD of 3[Ga]HBeta after m-cresol conversion at 400 °C.........uvviveeeivvnnnnnnnens
Effect of Carmier gas.......oouivuiriiiiiiiiieiic e
TPR profiles of (a) 1{Ga]HBeta, (b) 3[Ga]HBeta, (c) 6{Ga]HBeta,

(d) 3{Ga]HZSM-5, () 3[GalSilica, and (f) comparison data of Ga supported
CALALYSE. ..ottt et ittt e e et e a e n e
IPA-TPD of (a) HBeta, (b) red-1[Ga]HBeta, (c) red-3{Ga]HBeta, and

() LY ] 5027 VP

Effect of temMpPerature........c..vvieviiiuiniiiiieiiiiiiiiiinia et

Conversion of m-cresol over 3[GalHZSM-5. v nrii e

XIv

131
135
138
141
142
144

148

150
152
155



Chapter 1

Introduction

Zeolites are extensively used as catalysts for various industrial applications, due mainly
to their selectivity and tunability. Especially, the catalysis by heteroatom-substituted zeolites have
been received increasing interest recently [1-10]. The incorporated metals within zeolite
micropores make them possible for the catalysts designed for Thailand development. This is in
particular for converting biomass-derived compounds, natural gas and pyrolyzed biomass, which
are a rich hydrocarbon resource of Thailand to more valuable petrochemical products. As most of
our petrochemicals and energy needs today are met by crude oils, it is better if all the
requirements of chemical industries and portions of other needs can be shared by natural gas and
biomass. This can be achieved by using such metal-modified zeolite catalysts for the conversion
of light hydrocarbons contained in natural gas and the conversion of oxygenates contained in
pyrolyzed biomass to more valuable products, such as ethylene, propylene, and aromatics. These
transformations require both dehydrogenation, hydrogenation, and hydrogenolysis activity from
metal phase and acidic function for oligomerization, isomerization, cracking, and decarbonylation
from zeolite [11].

Silver- and gallium-incorporated into a zeolite by ion-exchange or impregnation has been
found to be an efficient catalyst for these catalytic processes [12]. It is known that in metal-
modified zeolite catalyst, zeolite can serve as a supporting material with tunable pore size, acidity
and site proximity. Therefore, the exchangeable cation or metal nanoparticles within micropore of
zeolite is controlled by the framework charge and pore size which also regulate type of metal
species. All these features provide an opportunity to potentially design catalysts at a molecular

level with specificity and activity for catalytic system.

1.1 Statement and significance of the problems

Although the catalytic role of metal species within micropore of zeolite has been studied
for over 20 years, the understanding of the altering of metal species during the reaction and also
preparation are rather limited. It has been shown that different catalytic activities and the reaction
pathway, and hence product selectivity are pronounced when different metal species (metal

cation, cationic cluster, metallic cluster or oxide formed) are introduced. The micropore of zeolite



can exert a strong, localized electrostatic field that can alter the chemistry of the cations in the
exchangeble site and the impregnated metal nanoparticles. Thus, the incorporated metal or metal
oxide are not necessarily the same as cations adsorbed, precipitated or exchanged into other
microporous solids.

This thesis has studied the alteration of various metal species of Ag- and Ga-incorporated
zeolite during the preparation and reaction which can readily influence on their catalytic activity
and selectivity. The modification by addition of these metal species has focused on improving the
dehydrogenation, hydrogenation and hydrogenolysis activity of this catalyst. Metal-incorporated
zeolite can be applied for converting biomass-derived compounds, natural gas and pyrolyzed
biomass, to more valuable fuels and petrochemical products. The model reactions namely, (i)
ethane dehydrogenation to ethylene, (ii) aromatization of ethanol to benzene, toluene, xylene and
ethylbenze, and (iii) deoxygenation of benzaldehyde and m-cresol to oxygen-free aromatics are
focused on this study.

The Ag- and Ga-incorporated zeolites are prepared by ion-exchange and impregnation
methods over HZSM-5 and HBeta zeolites. These modified zeolites are treated with hydrogen or
steam at various temperatures in order to investigate the alteration of metal species. Conventional
techniques, such as X-ray fluorescence spectroscopy (XRF), inductively coupled plasma/atomic
emission spectroscopy (ICP/AES), scanning electron microscopy (SEM), X-ray diffraction
(XRD) and gas adsorption analysis are employed to determine the physical properties of the
modified zeolite. Advanced techniques, such as 'H and "C nuclear magnetic resonance (NMR),
Fourier transform infrared spectroscopy (FTIR), temperature-programmed desorption of ammonia
(NH,-TPD), temperature-programmed desorption of i-propylamine (IPA-TPD), diffused
reflectance ultraviolet spectroscopy (DR-UV), X-ray absorption near edge structure (XANES),
temperature-programmed reduction (TPR), temperature-programmed hydrogen evolution
(TPHE), transmission electron microscopy (TEM), and isotopic exchange of hydrogen/deuterium
(H,/D, exchange) are employed to determine the alteration of metal species and determine the
nature of the acid and metal sites. In addition, catalytic testing over the fresh and treated metal-
modified zeolites are performed using pulsed and continuous fixed bed reactors in order to

investigate the activity at initial and steady state, respectively.



In chapter 4, the “reversible interconversion”, which can be observed over zeolites
modified by silver are mentioned. It was suggested that the Ag species formed will depend largely
on the reducibility of the hydrocarbon species in the reaction stream. Consequently, the alteration
of Ag species during the reaction may largely affect the catalyst activity and stability. The
metallic or ionic clusters of Ag metal, formed by the reduction of charge-balancing cations, are
usually stable and well-dispersed. However, in some cases, the reduced metals can reversibly
react with the neighboring Brensted acid sites, liberating H, and give back charge-balancing
metal cations. If the reversible interconversion can readily take place at the reaction temperature
(> 300 °C), one could not expect only a single form of Ag species are responsible for the activity.
In addition, the Si/Al ratio of the zeolites would play a marked role in hosting, retaining and even
altering the incorporated Ag species. Therefore, in this chapter, we provide further evidence for
the influence of the zeolite Si/Al ratio on the reducibility and reversible interconversion of the
incorporated Ag species. 'H MAS NMR, together with temperature-programmed reduction (TPR)
and temperature-programmed hydrogen evolution (TPHE) techniques, are mainly employed for
determining the behavior of Ag species hosted by zeolites with different Si/Al ratios. Diffused
reflectance ultraviolet spectroscopy (DR-UV) and X-ray absorption near edge structure (XANES)
are employed to determine the nature of metal species. The suggestion that the incorporated Ag
species can readily influence their catalytic behavior towards BTX is tested by ethanol and
ethylene conversion. The effect of H,, a readily reducing species, on the activity of AgZSM-5 will
also be highlighted.

In Ga-incorporated zeolite, the formation of different Ga species is regulated by the
temperature and treatment with steam or H,. Despite the fact that the type of Ga species have
been studied for many years, doubts still persist on its catalytic activity, mainly related to the
nature of the active sites. In other words, the question is that which gallium species is responsible
for the observed catalytic activity. This work is part of a project that aims to elucidate this
question.

An increase in aromatic yield can be obtained for the conversion of methanol over
GaHZSM-5 despite large amount of water is present, as co-product, in the reaction stream. This
marked behaviour of Ga-containing zeolites leads to the question for the effect of water on the
incorporated Ga species and their catalytic activity. In chapter 5, it was suggested the change in

acid sites when water (that is present in the feed) interacts with the Ga species in [Ga]JHZSM-5.



'H MAS NMR, together with Fourier tr;'m'sfor.m infrared spectroscopy (FTIR), temperature-
programmed reduction (TPR) and thermogravimetric/differential thermogravimetric (TGA/DTG)
techniques, are mainly employed to determine such pilenomena over the acid sites. The effect of
steam treatment of [Ga]JHZSM-5 on its acidity/acid strength and the reducing ability of Ga species
is also investigated. These additional acid sites may well affect the aromatization activity of this
catalyst in the presence of water. Hence, aromatization of ethanol and ethylene will be compared
and the effect of water on the reaction over [Ga]HZSM-5 will be discussed. _

Various gallium species (Ga,0,, Ga0’, Ga', and GaH2+) in [Ga]ZSM-5 are believed to be
active sites for alkane dehydrogenation. In chapter 6, the possible type of Ga species, which is
formed in situ, under the effects of the different pre-treatments was investigated using pulsed
reaction and temperature-programmed reduction. The oxide Ga species, Ga,0, and GaO’,
obtained after pre-treatment with air was preliminary tested using ethane as a model feed.
Subsequently, such oxide species were reduced by H, to form Ga' and GaH,". The ethane
dehydrogenation was repeated to obtain the catalytic activity of the reduced Ga species. However,
it is reported that the Ga' species are the most stable species at high reaction temperature. While
GaH; cannot be stabilized in the high reaction temperature without H,. To obtain the catalytic
activity of GaH2+, therefore, the ethane dehydrogenation was performed using H, as a carrier gas.
It is suggested that GaHz+ species are predominant in [Ga]JHZSM-5 under H, system. The
obtained activity of various Ga species were compared. In addition, this chapter discusses the
relative activity of the Ga species and its cluster size, together with acidity in HZSM-5 zeolite.

Ga based catalyst is also proposed for the deoxygenation of bio-oils to produce oxygen-
free products. Reduced Ga cationic species are expected to be active for hydrogenation/
hydrogenolysis. In chapter 7, the deoxygenation reactions on supported gallium HZSM-5 and
HBeta zeolites catalysts using benzaldehyde, and m-cresol as model feeds were studied. It is
suggested that the catalytic activity and product selectivity are strongly influenced by the types
and amounts of active sites. Hence, the catalytic testing was investigated over acid zeolites
modified by various Ga content. In addition, the treatment condition would play a marked role for
the alteration of Ga species. The effect of H, (providing reducing Ga species) and effect of steam
(providing the change in acid sites) on the activity of Ga-modified zeolites will be discussed.
Moreover, the variation of W/F and. temperature-programmed techniques are performed to

elucidate the possible reaction pathway for deoxygenation of benzaldehyde and m-cresol.



1.2 Goal and objectives

The specific objectives of the study are as follows:

1.2.1 To understand the characteristics of metal species and their catalytic activities

and selectivity.

1.2.2  To understand the effect of metal and zeolite determined type of metal species

for the change in dehydrogenation, hydrogenation, hydrogenolysis and

aromatization activities and selectivity.

1.3 Scope of the study

1.3.1 Modification of ZSM-5 and Beta zeolite with gallium and silver.

1.3.1.1
1.3.1.2

Modify the silver-incorporated ZSM-5 by ion exchange method.
Modify the gallium-incorporated ZSM-5 and Beta by impregnation
method.

1.3.2  Characterization of metal-modified ZSM-5 and Beta zeolites.

1.3.2.1

1.3.2.2

Investigate the physical properties of fresh metal-modified zeolite using
conventional techniques, such as X-ray powder diffraction (XRD),
scanning electron microscopy (SEM), X-ray fluorescence (XRF),
inductively coupled plasma-atomic emission spectroscopy (ICP-AES),
gas adsorption analyzer, transmission electron microscopy (TEM), 'H
and “C nuclear magnetic resonance (NMR) and Fourier transform
infrared spectroscopy (FT-IR).

Investigate the change of active species over metal-modified zeolite
under in situ treatment (hydrogen or steam) and after treatment or
reaction using temperature-programmed reduction (TPR), temperature-
programmed hydrogen evolution (TPHE), diffused reflectance
ultraviolet spectroscopy (DR-UV), transmission electron microscopy

(TEM), and X-ray absorption near edge spectroscopy (XANES).



1.3.3

Catalytic testing of modified ZSM-5 and Beta zeolites

1.3.3.1 Investigate their catalytic activity and selectivity of modified zeolite
towards dehydrogenation .of ethane to ethylene at initial, and after
treatment with a pulsed reactor.

1.3.3.2 Investigate their catalytic activity and deactivation of modified zeolite
towards aromatization of ethanol, deoxygenation of benzaldehyde and
deoxygenation of m-cresol to light aromatic with a continuous fixed bed

reactor.

1.4 Expected results

14.1

1.4.2

This research would lead to understanding in the activity of various metal

species, namely gallium- and silver-incorporated with ZSM-5 and Beta for light

_hydrocarbon and oxygenates conversion.

This research would provide not only a potential to develop a technology for
producing ethylene, propylene, and aromatics from light hydrocarbon and
oxygenates, but also a guide for converting natural resource of Thailand to high

value product.
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Chapter 2

Zeolite Catalysts

Zeolites are crystalline aluminosilicates demonstrating unique properties due to the
presence of shape selectivity. Moreover, zeolite frameworks are made of silicate and aluminate
tetrahedral connected by corners. The negatively charged aluminium sites are neutralized by the
charge balancing cations, such as sodium ion, proton. Dué to their shape selec.tivity and Brensted
acid sites, zeolites are used in many industrial processes such as-xylene isomerization, toluene
disproportionation, benzene and toluene ethylation, and methanol to gasoline conversion.
Moreover, zeolites can be modified for dramatic activity by way of their cation-exchange
capability. It is known that the charge balancing cations and incorporated metal cluster play an
important role in controlling the catalytic activity of zeolites. Cations or metal clusters are located
within specific sites in each zeolite topologies. Thus, in each type of zeolite Wwith different
silicon/aluminium ratio, differences in coordination around the cations or metal could be modified
its own unique catalytic activity. All these features provide an opportunity to design a catalyst at a
molecular level with high specificity and activity.

In recent years, development of renewable sources of energy and petrochemicals have
been given to the conversion of biomass-derived compounds. Natural gas and biomass offer a
potential to replace the reducing reserves of non-renewable fossil fuels. Moreover, natural gas and
biomass provide significant promises as alternative power sources to increase eriergy efficiency,
reduce pollution, and minimize our dependence on imported oil.

In this chapter, background knowledge of zeolite, natural gas, biomass, the influence of
various metal species formation and role of such incorporated metal for dehydrogenation,
hydrogenation, and hydrogenolysis of light hydrocarbon and oxygenates over metal-modified

zeolite catalyst are reviewed.

2.1 Zeolite

2.1.1  Zeolite composition and structure
Zeolites can be described as a rigid three-dimensional network of silicate (SiO,) and
aluminate (A104') in which the tetrahedra cross-linked by the sharing of oxygen atoms [1-3]. The

electrovalence of the tetrahedral-containing aluminium is balanced by the positive charge of



cations such as an alkaline metal or an alkaline earth. One type of cation has been exchanged
either in entirely or partially by another type of cation utilizing jon-exchange techniques in a
conventional manner.

The silica and alumina tetrahedra are combined into more compliéatedsecondary units,
which form the building blocks of the framework zeolite crystal structures. The silica and alumina
tetrahedral are geometrically arranged so that the zeolites possess an open framework structure,
which defines a pore structure with a high surface area.

The properties of a zeolite are dependent on the topology of its framework, the size,
shape, and accessibility of its free channels, the location charge and size of the cations within the
framework, the presence of faults and occluded materials, the ordering of T-atoms, and the local
environment of T-atoms. Such unique properties of zeolite make it especially interesting for

heterogeneous catalysis.

2.1.2  Zeolite catalysis

Zeolite has been proved to be an efficient catalyst for many industrial processes [3-6]). In
zeolites, catalysis takes place preferentially within the intracrystalline voids affected by aperture
size and type of pore system, through which reactants and products must diffuse. Modification
techniques including ion-exchange, introduction of acidic groups such as bri_dging =Si-OH-Al=
(which impart Brensted acidity), hydrothermal dealumination or stabilization (which produces
Lewis acidity) and introduction of dispersed metal phases such as noble metals species, can be
increase catalytic activity. The preferred zeolites of this thesis are selected from a class of zeolites
which is generally highly effective in alkylation, isomerization, disproportionation and other
reactions involving aromatic hydrocarbons and induced profound transformations of aliphatic

hydrocarbons to aromatic hydrocarbons in commercially desirable yields.

2.1.3 ZSM-5 zeolite

Zeolite ZSM-5 [3-10] is a member of a new class of shape selective catalysts with unique
channel structures. The framework of ZSM-5 contains a novel configuration of linked tetrahedra
shown in Figure 2.1a, consisting of 8 and 5-membered rings. These secondary building units join

through the edge to form chains as shown in Figure 2.1b.
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2. The (reverse) sieving effect, i.e. the capability of the zeolite to allow product molecules
having a certain critical diameter to diffuse out of its pores. Thus, in the case of a
product molecule having a diameter exceeding the pore size of the zeolite, this molecule
will have to undergo additional cracking or rearrangement into a smaller molecule before
diffusing out of the zeolite;

3. The effect on the reaction intermediates, i.e. the capability of certain active sites to

determine the length and geometry of reaction intermediate species.

The unique catalytic’ properties of zeolite ZSM-5 and Beta are attributed to both the
three-dimensional system of intersecting channels and its strong acid sites. ZSM-5 and Beta
zeolites have pore system which is believed to be significant for their unusually low coke
formation. These features make it sterically difficult for the formation of the large polynuclear
hydrocarbons.

The acid sites in zeolites are mainly located at the zeolite channel intersections and
originates in the Brensted centers created by the tetrahedral aluminium sites. Moreover, Lewis
acid sites are also formed by dehydroxylation of the zeolite surface by activating the zeolite at
high temperature. Although acid zeolite possesses excellent acid properties such as, dehydration
and oligomerization, it is a poor dehydrogenation catalyst for ethylene, propylene, and aromatics
selectivity and hence the catalyst requires modification by the addition of various promoters.

While most industrial application of zeolite catalyst make use of these in acid form,
zeolite are also excellent support for metals species. Zeolite supported metal species, a
bifunctional zeolite catalyst, is an acid zeolite on which a metal species phase is deposited. The
function of the metal is to catalyze dehydrogenation and hydrogenation reactions. The word
“metal species” is used in the non-restrictive sense to describe species in its, not yet fully
understood their valency. The advantage of bifunctional catalysis over the monofunctional acid
catalysis is that the metal dehydrogenates the alkanes into alkenes which can further undergo a

variety of acid catalyzed reactions to form desirable products.

2.1.6  Modification technique for metal-loading zeolite catalyst
Metal-containing zeolites can be used as catalysts for different purposes and under

various conditions [1,2,5-8,11]. The various techniques which can be employed are ion-exchange,
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impregnation, codeposition, adsorption from the gaseous phase, adsorption of metal vapor,
comulling, and introduction of compounds during zeolite synthesis (crystallization). However,

ion-exchange and impregnation are techniques commonly used in this thesis.

2.1.6.1 Ion-exchange

Zeolites possess tetrahedral-containing Al providing the electrovalence which is balanced
by positive charge of cations. The ability of zeolites to cation-exchange therefore offers great
opportunities for introducing the metal cation or proton into zeolite cavities for active site
preparation. The exchangeable cation should result in uniform dispersion depending on the Al
framework. Moreover, this metal cation containing zeolite is often used to prepare metal
containing zeolite catalysts by reduction treatment. For exampl;, by treating a Zeolite containing
Ag+ ions with hydrogen, metallic silver (Ag’) or cationic cluster (Agn+) can be formed [12,13].
This depends largely on the reduction condition, type of cation, type of zeolite, its Al content and
the metal content. This preparation is usually designed to introduce the metal into the zeolite pore
system. However, some metal is formed as a cluster on external surface of zeolite. This can also

be achieved bx impregnating the zeolite with metal particles or metal compounds.

2.1.6.2 Impregnation

Impregnation is a method of introduction the metal component to zeolites which possess
the low or without exchangeable site, or hardly ion-exchange, or requires the larger metal content.
In this method, the metal or metal oxide are present largely on external surface of the zeolite.
Moreover, the appropriate treatment condition is required for obtaining well-dispersed catalyst,

and also the size of cluster influencing the catalytic activity.

2.1.7 Metal-modified zeolite

The metal-incorporated zeolite, especially those with ZSM-5 and Beta zeolites have been
received increasing interest [1,2,5-8]. It has been shown that different catalytic properties are
presented when different metal atoms are introduced, for example, titanium-silicate is efficient for
ammoximation of cyclohexane, whereas Fe-zeolite is a good catalyst for redox reaction.

However, in this research the incorporated of gallium, and silver were found to be the efficient
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catalyst for ethylene, propylene, and aromatic production from a light hydrocarbon and

oxygenates.

2.1.7.1 Gallium-incorporated zeolite

The preferred catalyst for alkane aromatization is gallium-incorporated acid zeolite [14-
17].  The incorporation of gallium can be achieved either by ion-exchange or impregnation.
Moreover, it can be incorporated into the zeolite structure during the zeolite synthesis. The weight
of gallium-incorporated is typically between 1 and 5%. In light alkane aromatization, activity is
attributed to the presence of bifunctional sites of non-framework gallium species and zeolitic
protons, located closely to each other in the zeolite channels. A commercial effective
aromatization process called the Cyclar process employs this catalyst to transform liquefied

petroleum gas (LPG) to aromatics.

2.1.7.2 Silver-incorporated zeolite

Silver-incorporated acid zeolite catalyst is also an active catalyst for light alkane
aromatization and it sharply enhances the C-H bond cleavage of starting alkane. Thus, silver-
incorporated HZSM-5 catalysts produce less methane and ethane than Ga- or Zn-acid zeolite
which enhanced both C-H and C-C cleavage [15,18,19]. Moreover, it is interesting to use this

metal for dehydrogenation of light hydrocarbon to produce light olefins.

2.2 Hydrocarbon resource for Thailand

Thailand has limited domestic oil production and reserves, and imports make up a
significant portion of the country’s oil consumption. It is better if all the requirements of chemical
industry and portions of other needs can be shared by natural gas and biomass. Our country is rich
in these resources and we have been designated to become an economic power. The production of
fuel and petrochemicals from natural gas and biomass is one of the alternative ways of fostering

the development of liquid energy and petrochemical for Thailand.



dulnuomyanaie nazsouindimanssit 17

2.21 Natural gas i

Natural gas is a naturally occurring mixture of light hydrocarbons accompanied by some
non-hydrocarbon compounds [20-22]. The principal component of most natural gas is methane.
Higher molecular weight paraffinic hydrocarbons (C2-C7) are usually present in smaller amounts
with the natural gas mixture, and their ratios vary considerably from one gas field to another.

At the end of 1981, natural gas was first produced from Erawan gas field of Unocal
Thailand Ltd., at the capacity of 130 MMCFD, marking the new era of energy resources in
Thailand. During the initial stages of gas production, the natural gas produced was delivered, by
pipeline, to power plants and cement plants for use as fuel in substitution for fuel oil. As natural
gas discovered in Thailand (Table 2.1) is composed of various valuable hydrocarbon components
which can be separated for use as feedstock in the petrochemical industry, efforts have been made:

by the government to optimize its value.

Table 2.1 Composition of natural gas in Thailand [23].

Composition Erawan Bongkoch Yanada Yaetagoon
CH, 63.565 62.315 69.099 79.110
C,H, 8.285 7.318 0915 7.360
C,H, 4.900 4.466 0.167 2.550

i-CH,, 1.225 1.002 0.018 0.550
n-C,H,, 1.095 0.990 0.028 0.640
i-CH,, 0.370 0.333._ 0.008 0.240
n-CH,, 0.250 0.219 0.003 0.140
C,. 0.455 0.340 0.020 0.150
Co, 15.995 22.287 4.144 6.970
N, 3.860 0.730 25.598 2.290

Compared to other types of fuel, natural gas is cheaper, cleaner, and of higher quality.
Therefore, the level of natural gas consumption has been continually increasing each year. While
concessionaires in gas exploration and production have been striving to search for new gas

sources and to produce the most from existing sources; public and private sectors have continued

71869
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to search for new uses of natural gas - not only as fuel in power plants, industrial factories, and

vehicles.

2.2.2 Biomass

Biomass, as a renewable energy source, refers to living and recently dead biological
materials that can be used as fuel or for industrial production. In this context, biomass refers to
plant matter grown to generate electricity or produce bio-fuel, and it also includes plant or animal
matter used for production of fibers, chemicals or heat. Biomass may also include biodegradable
wastes that can be burnt as fuel. It excludes organic material which has been transformed by
geological processes into substances such as coal or petroleum. Although fossil fuels have their
origin in ancient biomass, they are not considered biomass by the generally accepted definition
because they contain carbon that has been “out” of the carbon cycle for a very long time. Their
combustion therefore disturbs the carbon dioxide content in the atmosphere.

Biomass is part of the carbon cycle. Carbon from the atmosphere is converted into
biological matter by photosynthesis. On death or combustion the carbon goes back into the
atmosphere as carbon dioxide (CO,). This happens over a relatively short timescale and plant
matter used as a fuel can be constantly replaced by planting for new growth.-Therefore a
reasonably stable level of atmospheric carbon results from its use as a fuel. It is accepted that the
amount of carbon stored in dry wood is approximately 50 % by weight.

A wide variety of technologies are available to produce energy from biomass. Biomass is
the only renewable resource that can be directly converted into liquid fuel, thus providing a
competitively priced fuel for transport, heat and power production. Fast pyrolysis of biomass for
liquids production is of particular interest, as it is the only thermal process that directly produces
useable liquid product from lignocellulosic biomass [24]. Literally, pyrolysis corresponds to the
thermal conversion occurring in the absence of oxygen. Biomass pyrolysis results in the

production of three products: gas, pyrolysis oil and charcoal [24].
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Table 2.2 Gas chromatographic analysis of liquid fraction (wt%) in bio~pyrolysis oil (Bio-oil).

Composition Wood [25] Cormncob [26]

Acids and ester 10.4 6.0
Alcohols 53 4.1
Aldehydes 10.9 8.6
Aliphatic hydrocarbons 0.4 0.2
Amines 0.5 -

Aromatic hydrocarbons 5.6 7.6
Ethers 2.2 -

Furans 2.5 -

Ketones ' 36.6 16.9
Phenols 10.9 38.6
Unidentified fraction 14.7 18.0

The relative proportions of these products depend very much on the pyrolysis method,
the characteristics of the biomass and the reaction parameters (Table 2.2). Temperature, heating
rate and vapour residence time can be adjusted to favor charcoal or bio-oil productions [27].
However, the high oxygen content of the oil induces instability within the oil through
polymerization reactions, which then increases the viscosity of the oil. Furthermore, the oil is
highly odorous. It has a tarry odor reminiscent of stale cigarettes, making it uncomfortable to

work with, thus reducing the probability of promoting the oil commercially.
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Experimental Details

Chapter 3

3.1  Reagents
Chemicals Grade of Manufacturers
purity
3.1.1  Airzero HP TIG
3.1.2 Ammonia/He 10 % TIG
3.1.3  Benzaldehyde Analytical Fluka Chemika
3.1.4 Benzene Analytical CARLO ERBA REAGENTI
3.1.5 Deuterium HP BOC
3.1.6 Distilled water
3.1.7 Ethane gas HP TIG
3.1.8  Ethyl alcohol (absolute) Analytical CARLO ERBA REAGENTI
3.1.9 Ethylbenzene GC Fluka Chemika
3.1.10 Ethylene gas CP BOC GASES
3.1.11 Gallium nitrate 99.9 % ALDRICH
3.1.12 Gallium oxide Analytical Fluka Chemika
3.1.13 Helium gas HP TIG
3.1.14 Hydrogen gas HP TIG
3.1.15 Hydrogern/Argon 10 % TIG
3.1.16 i-Propylamine GC Fluka Chemika
3.1.17 Liquefied petroleum gas Commercial  SIAM GAS
3.1.18 Liquid nitrogen TIG
3.1.19 m-Cresol Analytical Fluka Chemika
3.1.20 »n-Heptane GLC CARLO ERBA REAGENTI
3.1.21 n-Hexane Analytical Mallinckrodt
3.1.22 Nitrogen gas High purity TIG
3.1.23 n-Nonane GC MERCK
3.1.24 n-Pentane Analytical LAB-SCAN
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Chemicals Grade of

purity

Manufacturers

3.1.25
3.1.26
3.1.27
3.1.28
3.1.29
3.1.30
3.1.31

Silver nitrate Analytical
Toluene GC
Xylene GC
Zeolite Beta (SuD Chem)

Zeolite CBV2314

Zeolite CBV5524G

Zeolite ZSM-5 (SuD Chem)

Fluka Chemika
Fluka Chemika
Fluka Chemika
SuD Chem
Zeolyst
Zeolyst

SuD Chem

3.2

3.21
3.2.2
3.23
324
3.2.5
3.2.6
3.2.7
328
3.29
3.2.10
3.2.11
3.2.12
3.2.13
3.2.14
3.2.15
3.2.16
3.2.17
3.2.18
3.2.19

Apparatus

Beaker

Buchner flask

Clamp

Diffused reflectance ultraviolet spéctrometer
Erlenmeyer flask

Fourier transform infrared spectrometer
Gas adsorption analyzer

Gas chromatograph

Graduated cylinder

Graduated pipette

Heating bath

Heating mantle

Metal rings

Pasteur pipette

Scanning electron microscope
Supporting stand
Temperature-programmed apparatus
Transmission electron microscope

Vial



3.2.20
3.2.21
3222
3.2.23
3.2.24

Wash bottle
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Water circulator

X-ray absorption near edge spectrometer

X-ray diffractometer

X-ray fluorescence spectrometer

3.3 Process of study

A process of the study on the conversion of light hydrocarbons and biomass models to

ethylene, propylene, and aromatics over zeolite catalyst comprises the following stages:

3.3.1 Modification of zeolites

3.3.1.1

33.1.2

Modify ZSM-5 and Beta obtained from several suppliers by impregnation
and/or ion-exchange with gallium, silver and proton.

Activate the materials obtained in 3.3.1.1.

3.3.2 Characterization of modified zeolites

33.2.1

3.3.2.2

33.23

3.3.24

33.2.5

33.2.6

3.3.2.7

3.3.2.8

Determine the silicon/aluminium ratio by inductively coupled plasma/atomic
emission spectroscopy and X-ray fluorescence spectroscopy.

Determine the crystal morphology by scanning electron microscopy.
Investigate the zeolite structure by X-ray diffractometer.

Determine the metal content in zeolite by inductively coupled plasma/atomic
emission spectroscopy and X-ray fluorescence spectroscopy.

Determine the surface area by gas adsorption analysis.

Determine the acidity of zeolite by 'H nuclear magnetic resonance, Fourier
transform infrared spectroscopy, ammonia-temperature-programmed
desorption and i-propylamine temperature-programmed desorption.
Investigate the species type of metal-modified acid zeolite by diffuse
reflectance ultraviolet spectroscopy and X-ray absorption near edge
structure.

Investigate the reduction ability of metal-modified acid zeolite by

temperature-programmed reduction.
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3.3.2.9 Investigate the solid state reaction that produced hydrogen gas by
temperature-programmed hydrogen evolution.

3.3.2.10 Investigate the cluster size and size distribution of metal-modified acid
zeolite by transmission electron microscope.

3.3.2.11Investigate the H,/D, dissociation of acid zeolite and metal-modified acid

zeolite by mass spectrometer.

3.3.3 Catalytic testing
3.3.3.1 Investigate the effect of temperature.
3.3.3.2 Investigate the effect of space time
3.3.3.3 Investigate the effect of carrier gas
3.3.3.4 Investigate the type of feed.
3.3.3.5 Investigate the effect of water co-feeding

3.3.3.6 Investigate the effect of metal loading and method of incorporation.

3.3.4  Analysis of produects
3.3.4.1 Determine the amount of hydrocarbon and oxygenated products by FID-gas

chromatography.

3.4 Modification of zeolites

3.4.1 Preparation of gallium-impregnated zeolite

The loading of gallium onto the zeolite was done according to the following procedure
[1]: 0.0754 grams of gallium nitrate were dissolved in small amount of water. This solution was
added to 4 grams of zeolite, and the resulting mixture was stirred for few minutes. Then water
was gently evaporated to dryness on a hotplate. The resulting solid was further dried at 120 °C for
3 hours and activated in air 550 °C for 5 hours. This catalyst will be referred to as 1[Ga]HZeolite.
The content of gallium of the resulting catalyst was approximately 1 wt%.

In the 3[Ga]HZeolite and 6[Ga]HZeolite, 0.2262 and 0.6786 grams of gallium nitrate
were impregnated on acid zeolite, respectively. Then, the impregnated solid were then activated
by air at 550 °C for 5 hours. The content of gallium was determined by inductiv.ely coupled

plasma/atomic emission spectroscopy and X-ray fluorescence spectrometer.
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3.4.2 Preparation of silver ion-exchanged zeolite

Silver-incorporated zeolite was carried out by ion-exchange of proton form by silver
cation solution [1]. 2 grams of zeolite were ion-exchanged in 125 mL of 0.05-0.50 M silver
nitrate solution and stirred at room temperature for 6-24 hours (The variation of silver content
loaded in zeolite were prepared by different of silver nitrate concentration and time). This mixture
was then filtered and washed 1 time with 50 mL of distilled water at room temperature. Finally
the zeolite was dried at 120 °C for 3 hours and activated in air 550 °C for 5 hours. This catalyst
will be referred to as AgHZeolite. The content of silver was determined by inductively coupled
plasma/atomic emission spectroscopy and X-ray fluorescence spectrometer. In the case of
reduction, this catalyst was either further activated by hydrogen at 350 °C for 2 hours (mild-red-
AgHZeolite) or at. 425 °C for 4 hours (red-AgHZeolite). Hereafter, the catalysts will be
designated as % weight of Ag-AgHZeolite(Si/Al ratio), e.g., 3AgHZSM-5(11).

3.5 Characterization of catalysts

3.5.1 Inductively coupled plasma/Atomic emission spectroscopy

Elemental analysis of the metal-modified zeolite is also performed by inductively
coupled plasma/atomic emission spectroscopy (ICP/AES). An accurate 50 mg of zeolite sample
was weighed and then digested with hydrofluoric acid [2]. This solution was diluted to 100 mL in
a volumetric plastic flask. Then, the diluted sample solution was measured against a blank.

Finally, the silicon, aluminium, and metal content were calculated using calibration curves.

3.5.2 X-ray fluorescence

The conventional technique to check the chemical composition of zeolite is by X-ray
fluorescence spectroscopy [2,3]. This method was done according to the following procedure: the
sample was finely grinded and mixed with boric acid. Then, it was transferred and placed into the
XRF sample holder. The X-ray emitted from the sample was detected by wavelength dispersive

method.

3.5.3 Scanning electron microscopy
Scanning electron microscopy (SEM) is the most versatile technique for studying

morphology and crystallite size [2,3]. This technique was done according to the following
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procedure: the sample was finely dispersed on an SEM stub. The sample surface was then coated
with gold thin film. After that the sample holder was left in sample chamber, and evacuated from
ambient pressure to below 10* Torr. Then, the holding sample can be adjusted, tilted and moved
in the X, Y and Z directions. As a consequence, sample surface can be viewed from almost any

perspective.

3.54 X-ray diffraction

The best way to check the zeolite structure is by X-ray diffraction [4]. This method was
done according to the following procedure: the sample was finely grinded to permit packing of
the sample into an XRD sample holder. The XRD pattern was obtained by scanning over the
angle range from 2-theta = 5 to 60 with 30 mA, 45.0 kV, step angle 0.040 degree, and detection

time 1.50 seconds/step. The X-ray source was Cu-KCL.

3.55 Gas adsorption analysis

Gas adsorption analysis is the technique generally used for determining surface area of
solid catalyst [5]. This technique was done according to the following procedure: the zeolite
sample was weighed about 20 mg and transferred to a clean, dry empty sample cell. This sample
cell was attached to the outgassing station. Then, a heating mantle was installed with the sample
cell and the temperature was raised to 350 °C for 24 hours. After the residual adsorbate was
removed by heating under vacuum, nitrogen adsorbate was filled by opening the gas inlet valve.
The sample cell was attached to the sample station. Initially, a dewar flask of liquid nitrogen was
placed around the sample cell. Nitrogen adsorbate pressure can be regulated by 1 torr transducer
with 3 minutes equilibration time and 0 scaled tolerance. When the adsorption was complete, the

sample cell was removed from the sample station, dried throughly and reweighed.

3.5.6 Solid state magic angle spinning nuclear magnetic resonance

Nuclear magnetic resonance (NMR) has been widely used to characterized zeolite acidity
and catalytic reaction [3,6,7]. 'H MAS NMR spectra were recorded at 300 MHz on a Briikker
spectrometer with an MAS probe with 5 mm ZrO, rotor. Prior to the measurement, a sample was
filled into an NMR rotor and heated up to 270 and 360 °C under high vacuum (3.0 x 10° Torr)

using a home-made vacuum manifold equipped with a turbomolecular pump. After treatment, the
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sample was filled with helium and transferred into the spectrometer. A spin-echo pulse program
was used to acquire 'H spectra with 64 scans. Samples were spun at 5 kHz, and the chemical
shifts were referenced to TMS standard. For the probe analysis of ethylene, C MAS NMR

spectra were recorded by cross-polarization pulse program, using adamentane as a reference.

3.5.7 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is frequently used to study the zeolite
acidity [6,8]. The infrared spectra were recorded on a Briiker series spectrometer. Thin zeolite
wafer of 10 mm in diameter were made by pressing approximately 10 mg of fine zeolite powder
under 5 tons of pressure for 2 minutes. The thin wafer was placed in a home-made type sample
holder and transferred into the IR cell equipped with heating rod. This equipment specially
designed to allow in situ high temperature treatments and gas dosage, was attached in the vacuum
system (3 x 10° Torr). A zeolite sample was dehydrated at 350 °C under vacuum for 2 hours. An
IR spectrum was acquired in the transmission mode at room temperature over the wave number of

4000-1300 cm”.

3.5.8 Ammonia-temperature-programmed desorption

Ammonia is probably the most frequently used probe molecule for acidity assessment. Its
small molecular size allows one to probe almost all acid sites of both micro- and mesoporous
materials [6,9]. NH,-temperature-programmed desorption (NH,-TPD) experiments were carried
out using a TCD detector. Before adsorption, the samples (0.05 g) were dried in a flow of He at
550 °C for 2 hours. Adsorption of 10% NH,/He was performed at 50 °C. After saturation, the
samples were flushed with He at this temperature for 2 hours. TPD measurements were done from

50 to 700 °C with a heating rate of 10 °C/min, using He as a carrier gas.

3.5.9 i-propylamine-temperature-programmed desorption

Temperature-programmed desorption of i-propylamine (IPA-TPD) is used to determine
the Brensted acidity [10]. First, 25 mg of sample was pretreated at 550 °C in a flow of He or H,.
After the treatment, the sample was cooled in He to room temperature and then i-propylamine
(IPA) was injected to the sample until saturation. The excess IPA was removed by flowing He.

When a constant signal was achieved, the sample was heated to 900 °C at a rate of 10 °C/min. The
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masses used to identify various desorption products in IPA-TPD were m/z = 44 (i-propylamine),
m/z = 41 (propylene), and m/z = 17 (ammonia). The amount of desorbed propylene was
simultaneously calibrated with 2 mL pulses of 2% propylene in He and the Bronsted acidity was

then calculated.

3.5.10 Diffused reflectance ultraviolet spectroscopy

Zeolite samples usually exhibit low transparency, hence, measurements in reflection
mode are performed [3]. Diffused reflectance ultraviolet spectra of metal-modified zeolite were
measured with Shimadzu spectrometer. The sample was packed into the sample holder. A UV
spectrum was acquired in the reflectance mode at room temperature with wavelength 1000-600

nm.

3.5.11 X-ray absorption near edge structure

The energy of the X-ray absorption edge can often determine the oxidation state of the
metal species [11]. X-ray absorption near edge structure were measured at NSRC (National
Synchrotron Research Center) using a Si (111) double crystal monochromator. The storage ring
was operated at 1.2 GeV. Data were collected in the transmission mode on self-supporting sample

wafers using gas-filled ionization chambers as detectors.

3.5.12 Temperature-programmed reduction

Temperature-programmed reduction (TPR) provides information on the nature of the
catalyst by monitoring their reducibility [12]. Temperature-programmed reduction were measured
using thermal conductivity detector (TCD). The sample weighed 0.15 g was placed into a tube
reactor, which was located inside a temperature-regulated furnace. The heating rate of 10 °C/min,
the 2-7% H, in Ar flow of 30 mL/min was applied for TPR analysis. Water produced during the
reduction process was removed in a U-shape glass trap at -70 °C (vapor of liquid N,) before
entering the TCD. .

Double TPR reaction was performed for checking reversible reduction-oxidation cycle.
After the first TPR analysis was finished, the sample was cooled to 50 °C under a flow of N,.

Then, the TPR analysis was repeated by monitoring the H, consumption with TCD.
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3.5.13 Temperature-programmed hydrogen evolution

Temperature-programmed hydrogen evolution (TPHE) study is carried out to observe
hydrogen evolution that is connected with the solid-state redox reaction [13]. Temperature-
programmed hydrogen evolution experiments were performed in a temperature-programmed
apparatus. After catalyst was reduced at 425 °C, a sample was cool down to 50 °C under Ar flow
(30 mL/min). Then, metal-modified zeolite was heated in an Ar flow (30 mL/min) to 800 °C with
a heating rate of 10 °C/min. The quadrapole detector was used to analyze hydrogen gas generated. _

3.5.14 Trans;nission electron microscopy

Transmission electron microscopy (TEM) is directly interpretable, and the technique is
tailor-made for detecting clusters of catalytically active metal on zeolite [14]. For characterization
by transmission electron microscopy, the wet sample was crushed in a mortar, and the suspended
powder was subjected to disperse on a carbon-coated copper TEM grid. Electron micrographs

were acquired with a Philips Jeol transmission electron microscope.

3.5.15 Isotopic exchange of hydrogen/deuterium

The isotopic exchange of hydrogen (H,) with deuterium (D,) is a typical metal/acid-
catalyzed reaction. During H,/D, exchange, hydrogen atoms are replaced by deuterium atom. Its
product distribution gives direct information about the hydrogenation/dehydrogenation,
hydrogenolysis and hydrogen transfer depending on the electronic properties of the metal species
and Brensted acid sites [15,16]. H,/D, exchange was studied using an MS detector. The catalyst
sample was heated in a flow of H, (m/z = 2) at 450-550 °C and then consecutive 2 mL pulses of
pure deuterium, D, (m/z =4) were injected to the sample. The masses were monitored to

determine the reactant feed and the product formation (H-D, m/z = 3). -

3.5.16 Adsorbed reactant temperature-programmed desorption

Temperature-programmed desorption (TPD) is one of the most widely used and flexible
techniques for characterizing surface catalysis. By monitoring gas phase concentration of the
species desorbed, due to a linear increase in surface temperature, key information can be
obtained. These include the amount and number of different kinds of surface species, the kinetics

of the desorption process, the enthalpy of desorption, and differentiation between simple
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desorption and chemical reaction-desorption [17,18]. Before adsorption, the sample (50 mg) was
dried in a flow of He (or H,) at 550 °C for 2 hours. Adsorption of reactant until saturation was
performed at its boiling temperature, the sample was then flushed with He (or H,) at such
temperature for 3 hours. TPD measurements were done from its boiling temperature to 900 °’C
with a heating rate of 10 °C/min using He (or H,) as a carrier gas. The masses (m/z) of the
expected products were monitored using mass spectrometer. The evolution of the retained product
over modified acid zeolite catalysts was also followed by TPD. After the reaction, the catalyst
sample was flushed in a flow of He at reaction temperature and then cooled to 100 °C. TPD
measurements were done from 100 to 900 °C with a heating rate of 10 °C/min using H, as the

carrier gas. The masses (m/z) of the expected products were monitored.

3.6 Catalytic testing
§
(15)
_ Load Inject
+_
-z ik
—_—

(b)
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(a)

Figure 3.1  Flow diagrams of (a) pulsed reactor and (b) fixed bed flow reactor.
(1) Air/O,, (2) N,, (3) He, (4) H,, (5) Hydrocarbon feed, (6) Mass flow controller, (7)
10-way valve, (8) Quartz tube reactor, (9) Furnace, (10) GC column, (11) Defector
(FID or MS detector), (12) Monitor, (13) GC carrier gas, (14) Vent, (15) Gas

sampling loop (25 microliters)

The pulse reaction technique allows us to study an initial state of a flow reaction.
Characteristic behaviors of non-equilibrium state can also be observed [19]. Two kinds of pulsed
reactions were employed in this study: gas and liquid phase injection.

A simple pulsed reactor device (Figure 3.1(a)) was obtained when a gas chromatograph
column was directly connected with the end of the reactor. In this catalytic testing unit, a quartz
tube reactor was located inside a temperature-regulated furnace. Therefore, the reaction preferred
at the high temperature (450-800 °C), such as dehydrogenation can be carried out. Reactants (light
hydrocarbon) and/or treating gas were regulated by mass flow controllers and passed to a 25
microliter sampling loop of GC. Pulse of gas was then fed to the catalyst bed under
chromatographic flow. The preferred reaction conditions used in a pulsed reactor testing unit were
as follows: 12.5 mg catalyst; 5 v/v% dilution of reactant feed with inert or H,.

In the case of liquid injection, 50 mg of the catalyst was pretreated in a flow of He or H,
(30 mL/min). After the pretreatment, 1 microliter of pure liquid reactant was injected to the
pretreated catalyst. This procedure was repeated at different reaction temperatures. The products

of the pulse reaction were on-line analyzed by an MS detector.
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The catalytic activity and deactivation behavior of the modified zeolite were investigated
with a fixed bed flow reactor (Figure 3.2(b)). The reactant feed was carried by N, (or He, H,)
through a catalyst bed set in a catalytic reactor, which was located inside a temperature-regulated
furnace. The gaseous mixture flowing out of the reactor passed to a gas sampling loop. The

products were periodically collected and analyzed by online gas chromatography (GC).

3.7 Analysis product

The product analysis was generally performed using an on-line gas chromatography. The
gas sample was collected in gas sampling loop, then periodically injected into GC column (HP-
PLOT for light hydrocarbon gas, VA-1 for heavier hydrocarbon, DB-5 for hydrocarbon and
oxygenated compounds) connected to flame ionized detectors. The components were separated as
they pass through the column with an inert carrier gas and their presence in the effluent was
detected and recorded as a chromatogram.

The peak area from the chromatogram was measured and calculated as the peak area
percent value. Then the unknown peak can be identified by GC-MS technique and quantified
using ethylene, ethane, LPG, n-pentane, n-hexane, n-heptane, benzene, toluene, ethyl benzene,
xylene, benzaldehyde, m-cresol and phenol as standard for calibration. The composition of the

hydrocarbon samples were determined by the normalization method.
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Chapter 4

Ag Species in AgHZSM-5 and Their

Reversible Interconversion Behavior

4.1 Introduction

The behavior of metallic and ionic clusters incorporated into zeolites is of great interest
for their catalytic activity. Among the metal clusters, many efforts have been devoted to study the
formation and characterization of Ag clusters, and the various types of Ag clusters [1-6]. This is
due to the fact that Ag-modified zeolites show high activity in many catalytic processes. There are
-several reports demonstrating a specified catalysis of Ag-modified zeolites for the various types
of reactions such as photo-dimerization of alkane [7], photocatalytic degradation of malathion (8],
methane activation with ethylene to form propylene [9] and selective catalytic reduction of NO by
alkane in the presence of hydrogen [10,11]. Moreover, the isolated silver cation was belie_ved to
be an active center for the dehydrogenation of light alkanes for aromatic production [12].

It is known that the charge-balancing Ag cation (Ag+) in zeolites can be readily reduced
with hydrogen or hydrocarbon to form silver metal (Ag”) and the framework Bronsted acid site

[13,14]
ZO Ag' +%H, — Ag+ZOH Eq. (1)

where ZO represents the negative framework charge of zeolite.
The subsequent aggregation of the reduced Ag metal, either its own species or even with
the Ag cations, can be expected, forming various types of silver nanoparticles including Ag

cationic clusters (Agn+) [15,16]:
(n-1)Ag’+ ZO'Ag” — zOAg' Eq. (2)
In zeolites, the metallic or ionic clusters of noble metal, formed by the reduction of

charge-balancing cations, are usually stable and well-dispersed. They may agglomerate to form

relatively larger clusters, so-called “sintering”, upon heating at high temperature. However, in
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some cases, the reduced metals can reversibly react with the neighboring Brensted acid sites,
liberating H, and give back charge-balancing metal cations. This process is the so-called
“reversible interconversion”, which can be observed over zeolites modified by various metals,
such as Zn [17] and Ag [9,18,19]. For example, Baba et al. [9] have observed the dissociation of
hydrogen and methane over Agn+ and these reactions (Egs. (3)-(4)) are reversible upon reduction-

evacuation cycles at low temperature (< 100 °C), providing different types of Ag species.

ZO' Ag +H, ——® Ag-H+ZOH Eq. (3)

ZO Ag'+CH, +—— Ag-H+ zo&-CHss* Eq. (4)

If the above reactions, so-called “the reversible interconversions” can readily take place
at the reaction temperature (> 300 °C), one could not expect only a single form of Ag species for
all cases. This is because the Ag species formed will depend largely on the reducibility of the
hydrocarbon species in the reaction stream. Accordingly, the alteration of Ag species during the
reaction would be the usual case and may largely affect the catalyst activity and stability. This
could be an explanation for the observed differences in catalytic activity of Ag-modified zeolites
over various types of reactions, as mentioned earlier.

According to the above speculation, one could expect that the Si/Al ratio of the zeolites
would play a marked role in hosting, retaining and even altering the incorporated Ag species.
Therefore, in this work, we provide further evidence for the influence of the zeolite Si/Al ratio on
the reducibility and reversible interconversion of the incorporated Ag species. 'H MAS NMR,
together with temperature-programmed reduction (TPR) and temperature-programmed hydrogen
evolution (TPHE) techniques, are mainly employed for determining the behavior of Ag species
hosted by zeolites with different Si/Al ratios. The suggestion that the incorporated Ag species can
readily influence their catalytic behavior towards BTX is tested by ethanol conversion. The effect

of H,, a readily reducing species, on the activity of AgZSM-5 will also be highlighted.

4.2 Experimental details
NH,ZSM-5 (Si/Al ~11 and 28) samples were commercially obtained from Zeolyst
International. Conventional ion-exchange of NH,ZSM-5 with AgNO, solution, using different

concentrations and conditions, was employed to obtain approximately 3 and 5 wt% Ag loading
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for both HZSM-5 with Si/Al ~11 and 28 [20-22]. The samples were washed, dried and then
calcined at 550 °C for 5 hours. Hereafter, the catalysts will be designated as %loading-AgI‘-IZSM-
5(11) and AgHZSM-5(28) according to their Si/Al ratios. In the case of the sample that was
reduced at 425 °C for 4 hours, the prefix *“red-” will be used to refer to it, such as red-AgHZSM-
5(11). Powder X-ray diffraction (XRD) was employed for determining zeolite crystallinity and
the Ag metal phase.

'"H MAS NMR spectra were recorded at 300 MHz on a Briiker spectrometer with a BBI
MAS probe using a 5 mm ZrO, rotor. Prior to the measurements, a home-made apparatus was
used, by which the sample can be filled into an NMR rotor and heated to 350 °C in high vacuum
(3.0 x 10” Torr) for dehydration. After the treatment, the sample container can be filled with He
(or H,), sealed and transferred into the spectrometer. A spin-echo pulsing sequence was used to
acquire 'H spectra with 64 scans each. Samples were spun at 5 kHz, and chemical shiﬁs were
referenced to tetramethylsilane (TMS). For the probe analysis of ethylene reaction, Pc MAS
NMR spectra were recorded by cross-polarization pulse program. After the treatment, the sample
can be filled with ethylene gas and sealed. The rotor was heated to 60 °C in order to activate the
adsorbed ethylene. Samples were spun at 3 kHz, and chemical shifts were referenced to
adamentane.

TEM was performed on a Philips Jeol microscope. The samples were crushed in a mortar,
and the powders were dispersed on a carbon-coated copper TEM grid. As a consequence, the
cluster size of Ag species can be viewed from almost any perspective.

NH,-temperature-programmed desorption (NH,-TPD) experiments were carried out
using a TCD detector. Before adsorption, the samples (0.05 g) were dried in a flow of He at 550
°C for 2 hours. Adsorption of 10 % NH,/He until saturation took place at 50 °C, then the samples
were flushed with He at the same temperature for 2 hours. TPD measurements were done from 50
to 700 °C with a heating rate of 10 °C/min, with He as the carrier gas.

Temperature-programmed reduction (TPR) experiments were carried out using a TCD
detector. The H, consumption was recorded with temperature, when the catalyst samples were
heated in a flow of 2% H,/Ar (30 mL/min) with a heating rate of 10 °C/min, and then cooled to 50
°C in a flow of He. Same conditions for secondary TPR expertments were used for all samples.

Temperature-programmed hydrogen evolution (TPHE) experiments were recorded using

a selective quadrupole detector (QMS 422, QuadStarTM) for m/z = 2. Catalyst samples were
q
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reduced in a flow of 2% H,/Ar (30 mL/min) at a heating rate of 10 °C/min and held at 425 °C for
4 hours, and then cooled to 50 °C under the flow of either 2% H,/Ar or pure Ar. These samples
were flushed with Ar at room temperature for 2 hours and then heated to 900 °C under Ar stream.

Diffused reflectance ultraviolet spectra of Ag-modified zeolite were measured with
Shimadzu’ spectrometer. The sample was packed into the sample holder. A UV spectrum was
acquired in a reflectance mode at room temperature over the wavelength of 1000-600 nm for Ag
species absorption.

X-ray absorption near edge structure (XANES) were measured at NSRC (National
Synchrotron Research Center) using a Si (111) double crystal monochromator. The storage ring
was operated at 1.2 GeV. Data are collected in a transmission mode on self-supporting sample
wafers using gas-filled ionization chambers as'detectors. ‘

Catalytic testing on ethanol aromatization was performed with a continuous fixed bed .
reactor as described in section 3.6. The vaporized ethanol was carried by N, gas through a catalyst
bed set inside a temperature-regulated furnace. The preferred reaction conditions used in the'
experiments were as follows: temperature, 425 °C; total pressure, 1 atm; carrier gas, N, or H;;
WI/F, 6.75 g*h/mol. The products are analyzed by an on-line gas chromatograph equipped with a

flame ionization detector (FID) and VA-1 capillary column (Appendix B).

4.3 Results and discussion

The characteristics of the zeolite samples are shown in Table 4.1.

Table 4.1 Chemical composition and surface area of zeolite samples.

. Degree of Ag ion- . | . A Surface area
Catalyst Si/Al Ag content (wt%) )
exchange (%) (m'/g)
HZSM-5(11) 1 - - 644
3AgHZSM-5(11) 11 20 23 481
5AgHZSM-5(11) 11 30 4.5 465
HZSM-5(28) 28 - - 560
3AgHZSM-5(28) 28 50 23 493
5AgHZSM-5(28) 28 80 4.5 480

* Elemental analysis for Si, Al, and Ag were performed using ICP.
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Although the extent of Ag ion-exchange are different for AgHZSM-5(11) and AgHZSM-
5(28), the total Ag loadings on both samples are the same. As an incomplete Ag ion-exchange is
obtained for both AgHZSM-5(11) and AgHZSM-5(28), some acid sites shall remain after

calcinations. No metallic Ag is observed by XRD (Figure 4.1).
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Figure4.1  XRD patterns of (a) HZSM-5(11), (b) 3AgHZSM-5(11), (c) red-3AgHZSM-5(11),
(d) HZSM-5(28), (¢) 3AgHZSM-5(28), and (f) red-3AgHZSM-5(28).

It is presumed that incorporated Ag species are well-dispersed as charge-balancing Ag
cations. After H, reduction at 425 °C, metallic Ag can be observed at 2-theta 38° only for the red-

3AgHZSM-5(11) sample (Figure 4.1c). This result is confirmed by the 'H MAS NMR experiment.
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Figure 4.2 'H spin-echo MAS NMR spectra of (a) HZSM-5(11), (b) 3AgHZSM-5(11),
(c) red-3AgHZSM-5(11), (d) HZSM-5(28), (e) 3AgHZSM-5(28), and
(f) red-3AgHZSM-5(28).
All the spectra were recorded at room temperature, resonance frequency .o.f 300 MHz, a sample

spinning rate of 5 kHz with 64 scans.

From Figure 4.2, it is found that the Bransted acid sites (signal at ~3.9 ppm) [23-26] of
both 3AgHZSM-5(11) and 3AgHZSM-5(28) are markedly reduced, as compared to the parent
HZSM-5. This is due to the replacement of Ag cations onto the Bransted acid sites. When
3AgHZSM-5(11) was reduced under H, atmosphere at 425 °C, Brensted acid sites almost
recovered (red-3AgHZSM-5(11)). It is obvious that silver cations in 3AgHZSM-5(11) can be
readily reduced, forming Ag metal, bearing consecutive Bronsted acid sites (Eq. (1)). On the other

hand, no recovery of Brensted acid site was found for red-3AgHZSM-5(28) when it was reduced
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at the same condition. This result is consistent with XRD results of red-3AgHZSM-5(28) where
no metallic Ag phase can be observed (Figure 4.1f).

The fact that there is no recovery of Brensted acid sites and Ag metallic phase of
3AgHZSM-5(28) may be derived from two possibilities: (i) the charge-balancing Ag cations in
3AgZSM-5(28) may not be reduced to Ag metals at 425 °C or (i) the charge-balancing Ag
cations in 3AgZSM-5(28) could be reduced, but the metallic Ag species may not be stable. Such
metallic Ag species could reversibly react with Brensted to form charge-balancing Ag cations,
liberating H, gas (Eq. (5)), in a manner similar to that observed over ZnZSM-5 [17}. This is, in

other words, “the reversible interconversion”.
+ 1
Ag +nZO-H —» nZ0-Ag + -EHz Eq. (5)

- The two hypotheses were tested by H,-TPR experiment.
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Figure 4.3  H,-TPR profiles of 3AgHZSM-5(11) and 3AgHZSM-5(28).

In Figure 4.3, the thermogram clearly shows two H, consumption peaks over both
3AgHZSM-5(11) and 3AgHZSM-5(28) samples, indicating that they can indeed be reduced. The
first peak appears in a temperature range from 150 °C to 270 °C and the second peak is

pronounced from 350 °C to 550 °C. This is consistent with an observation made by Junji Shibata
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and et al. [27]. They suggested that all of the Ag cations were readily reduced to “Ag cationic
clusters (Agn+)” at the first peak, and that the cationic clusters were further reduced to Ag metal
particles at the second peak.

The above observation also suggests that the Ag species in 3AgHZSM-5(11) and
3AgHZSM-5(28) are not really the same. Comparing TPR (Figure 4.3) of 3AgHZSM-5(11) and
3AgHZSM-5(28), one can see that the first H, consumption peak of both samples appears at the
same temperature. (220 °C). This suggests that the reductions of the charge-balancing Ag cations
into Ag cationic clusters (Agn+) for both 3AgHZSM-5(11) and 3AgHZSM-5(28) occur in a
similar manner. However, the second H, consumption peak of 3AgHZSM-5(11) appears at
relatively lower temperature (457 °C), as compared with that of 3AgHZSM-5(28) (485 °C). This
indicates a relatively lower stability of the Ag cationic clusters in 3AgHZSM-5(11), as compared
with those in 3AgHZSM-5(28). In other words, it is likely that “Ag cationic clusters” can be
retained in a silica rich 3AgHZSM-5(28), while such species are easily reduced into a “metallic
form” in a lower silica sample: 3AgHZSM-5(11).

This strongly supports the observation by XRD that Ag metallic phase can be readily
formed in 3AgHZSM-5(11), even though the reduction temperature (425 °C) is lower than that
observed by TPR (457 °C). However, this still leads to the uncertainty about whether the cationic
Ag clusters in 3AgHZSM-5(28) can or cannot be reduced into metallic phase (i), or whether the
reversible interconversion (ii) of Ag species in AgHZSM-5(28) is responsible for non-recoverable
Brensted acid sites and missing Ag metallic phase in this sample. Therefore, further investigation
on TPR was performed in order to verify the cause of such ambiguity.

Immediately after the primary TPR, both samples were then subjected to a repeat

reduction even though they were not exposed to an oxidizing atmosphere (Figure 4.4).
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Figure 4.4  Primary and secondary H,-TPR profiles of (a) 3AgHZSM-5(11) and
(b) 3AgHZSM-5(28).

It is shown that exactly two H, consumption peaks are repeatedly obtained. This result
suggests that some of the Ag metal species in both samples (after the first severe reduction up to
700 °C) must have been reversely converted to Ag cations, possibly during the cooling period
under He stream. Otherwise, a secondary reduction should not be observed. Therefore, it can be
concluded at this stage that the reversible interconversion of the reduced Ag metal species can
readily take place in both 3AgHZSM-5(11) and 3AgHZSM-5(28). In addition, this is likely to be
the cause of non-recoverable Brensted acid sites and missing Ag metallic phase in red-
3AgHZSM-5(28).

This experiment also reveals that the ability of the reduced Ag metal species to undergo
reversible interconversion are not truly the same for 3AgHZSM-5(11) and 3AgHZSM-5(28). It
can be seen from Figure 4.4 that the secondary TPR of 3AgHZSM-5(28) shows a higher H,
consumption, as compared with that of 3AgHZSM-5(11). This indicates that the reversible
interconversion of the reduced Ag metal species in 3AgHZSM-5(28) is more feasible, as
compared to that in 3AgHZSM-5(11). Since the reversible interconversion requires Brensted acid
sites, one could expect that 3AgHZSM-5(11), the sample with higher acid-site density, would
provide a better opportunity for its incorporated Ag metal species to reversely convert into
charge-balancing Ag cations. However, that is not the case. In turn, the reduced Ag species
3AgHZSM-5(11) is relatively less active for reversible interconversion. This is presumably

because, in 3AgHZSM-5(11), the site proximity is relatively closed, the reduced Ag metals can be
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Typically, the spectra of HZSM-5 exhibits two characteristic peaks [28,29]; (i) from the
NH, adsorbed on Si-OH or from non-zeolitic impurity (~50-200 °C), and (ii) from the NH,
adsorbed on the acidic hydroxide group =Si-OH-Al= (~300-450 °C). However, the peak position
can be shifted when the metal was incorporated [30]. The TPD profiles of both 3AgHZSM-5(11)
and 3AgHZSM-5(28) were deconvoluted by the Gaussian curve-fitting method; hence, several
desorption peaks are revealed. These are suggested to derive form additional NH, adsorbed on the
Ag cationic sites. Consistent with the suggestion that Ag cations are retained in the 3AgHZSM-
5(28), a distinct desorption, observed particularly in this sample at ~250 °C, is believed to be the
NH, adsorbed on the Ag cations.

It is also obvious that 3AgHZSM-5(28) possesses no significant amount of strong acid
sites (~300-450 °C), which this can be observed as a broad peak in 3AgHZSM-5(11). The
difference in the amount and strength of Brensted sites in these two samples may well influence
their reversible interconversion, in addition to the effect of the Ag-cluster size as discussed earlier.

Together with the observed higher reduction temperature (Figure 4.3) for Ag cationic
clusters in 3AgHZSM-5(28), it is now certain that, after reduction at 425 °C, the charge-bglancing
Ag cations in this particular sample, are indeed reduced into Ag cationic clusters, and sorne may
well be further reduced to Ag metal clusters. During a slow cooling down from 425 °C under inert
atmosphere, the Ag cationic clusters can undergo reversible interconversion into charge-balancing

Ag cations, liberating H, as shown in Eq. (6).

+ + n- 1
ZO-Ag, +(n-1)Z0-H ——> nZO-Ag + (T) H, Eq. (6)

The Ag metallic clusters would require a higher temperature for the reversible
interconversion. This hypothesis is readily illustrated by TPHE experiment. It can be clearly seen
from Figure 4.9 that H, gas is evolved at ~700 °C from the primarily reduced 3AgHZSM-5(28)

upon re-heating under an inert Ar stream.
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Figure 4.9 TPHE of 3AgHZSM-5(28).

The only explanation for such observations is that the remaining Ag metallic clusters can
readily react with Brensted acid, as suggested earlier (Eq. (5)). This is because most of the Ag
cationic clusters, formed at 425 °C, would readily react with Brensted acid sites forming charge-
balancing Ag cations after cooling in inert He stream, as demonstrated by another low

temperature TPR experiment (Figure 4.10).
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Figure 4.10 Primary (a) and secondary (b) H,-TPR profiles of 3AgHZSM-5(28).

® In a TCD detector, the samples were heated in a flow of 2% H,/Ar (30 mL/min) with a heating
rate of 10 °C/min to 350 °C.

b After primary TPR experiments, the samples were then cooled to 50 °C in a flow of He and the

experiments were repeated under the same condition.

In this test, TPRs of 3AgHZSM-5(28) were just completed up to 350 °C, to ensure that
only cationic Ag clusters were formed. It can be seen from Figure 4.10 that a repeat H,
consumption is obtained in secondary TPR, indicating a readily reversible interconversion of
cationic Ag clusters in this sample. Accordingly, the reduced species that exhibit TPHE at 700 °‘C
(Figure 4.9), would only be the relatively stable metallic Ag clusters that have withstood the
reversible interconversion at lower temperature.

To investigate the existence of various Ag species, the DR-UV and XANES were

performed.
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Figure 4.11 DR-UV of (a) 3AgHZSM-5(11), (b) 3AgHZSM-5(28), (c) 1"-red-3AgHZSM-5(11),
(d) 1*-red-3AgHZSM-5(28), () 2"-red-3AgHZSM-5(11), and
(f) 2"*-3AgHZSM-5(28).

Figure 4.11 shows UV-vis spectra of 3AgHZSM-5 zeolite before and after the H,-TPR
experiment. The bands at 252 nm assignable to the 4d" to 4d’ss' transition of Ag’ ion [31-34]
were observed over both 3AgHZSM-5(11) (Figure 4.11a) and 3AgHZSM-5(28) (Figure 4.11b).
After the primary H,-TPR experiment, strong bands around 257 nm were observed (Figure 4.11c
and d). As the H,-TPR result suggesting the formation of the Ag cationic cluster, the bands at 257
nm can be tentatively assigned to the electronic transition of Ag cationic cluster. The positions of
these bands are close to those reported by Gachard et. al. assigning a UV absorption b:'and at 265
nm to Ag cationic cluster [35]. In addition, the band around 329 nm possibly due to the electronic
transition of small Ag metal particles [31-35] was observed only the 3AgHZSM-5(11) samples
(Figure 4.11c). Consistent with the result that X-ray diffraction lines of the metallic Ag
crystallites appear in the 3AgHZSM-5(11) treated under H, gas (Figure 4.11c), it is obvious that -
Ag metal particles are the major species in this sample. Note that bands around 329 nm were also
observed over the secondary H,-TPR samples (Figure 4.11e and f). It is confirmed that after the
severe H, reduction, the Ag metallic phase can be formed. Such metallic Ag clusters are resistant
to the reversible inter;:onversion, hence, the metallic Ag species can be dominantly obtained in
both samples. This result indicates that the Ag species in 3AgHZSM-5(11) and 3AgHZSM-5(28)

are not really the same only after the primary redu_ction'.'The charge-balancing Ag cations in
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3AgHZSM-5(11) can be readily reduced into Ag cationic and consecutive Ag metallic species. In
contrast, most of the primarily reduced Ag species in the 3AgHZSM-5(28) sample are Ag
cationic clusters. Only under the severe H, reduction, the reduced Ag species in 3AgHZSM-5(28)

would then agglomerate into larger and more stable Ag metal clusters.
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Figure 4.12 Ag L,-edge XANES spectra of (a) 3AgHZSM-5(1 1), (b) 3AgHZSM-5(28), (c) red-
3AgHZSM-5(11), (d) red-3AgHZSM-5(28), (e) AgNO,, and (f) silver foil.

Further evidence supporting above discussion is XANES. Figure 4.12 shows L,-edge
XANES spectrum of 3AgHZSM-5 before and after the H, treatment at 425 °C, together with
those of Ag metal and AgNO, as references. It can be seen that the XANES spectrum of both
3AgHZSM-5(11) and 3AgHZSM-5(28) were close to that of AgNO, (~ 3352 eV), suggesting that
Ag species in this sample are present as Ag cations [36,37]. After H, treatment at 425 °C, the
XANES spectrum of 3AgHZSM-5(11) slightly shifts toward high energy (Figure 4.12c¢). This is
presumably due to the formation of Ag metallic species in 3AgHZSM-5(11) as primarily
observed by XRD (Figure 4.1c) when treated with H, under the same condition. However, the
different XANES spectrum characteristic as compared to that of Ag foil is presumably due to the
smaller Ag cluster size of Ag metal formed over in this sample [34,37-39]. In contrast, XANES
spectrum of the reduced 3AgHZSM-5(28) (Figure 4.12d) was similar to that prior to reduction

and to AgNO, sample suggesting that the cationic species is retained in this sample.
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It can be primarily concluded at this state that, the double H,-TPR and the TPHE does
not only confirm the reversible interconversion of Ag species in AgHZSM-5, but also give
evidence for the existence of some different Ag species retaining after primarily reduction and
surviving from the reversible interconversion at 425 °C, as supported by DR-UV and XANES.
This clearly depicts the difference in Ag species in AgHZSM-5(11) and AgHZSM-5(28) after
reduction at 425 °C. As TPR (Figure 4.3) shows that the charge-balancing Ag cations in
AgHZSM-5(11) can be easily reduced into Ag metallic species, this sample is resistant to
reversible interconversion at 425 °C. Hence, a stable metallic phase is retained (by XRD). The
sample also reveals recoverable acid sites (by NMR) and relatively less H, consumption in
secondary TPR (Figure 4.4a). In contrast, AgHZSM-5(28) founds it somewhat difficult to be
completely reduced at this temperature. Most of the reduced Ag species in this sample are Ag
cationic clusters, with small amounts of the metallic ones. Therefore, the reduced Ag species in
AgHZSM-5(28) can readily undergo reversible interconversion at 425 °C, showing no metal
phase (by XRD), non-recoverable acid sites and again a relatively higher H, consumption in
secondary TPR (Figure 4.4b). The small amounts of metalli¢c Ag clusters formed in AgHZSM-
5(28), can survive the reversible interconversion at 425 °C and can evolve H, at higher
temperatures as evidenced by TPHE experiments (Figure 4.9).

In the catalytic point of view, a complete reversible interconversion would not be
preferred for acid-catalyzed reactions because it leads to the decrease in active Brensted acid sites.

This is indeed observed by the ethanol conversion over 3AgHZSM-5(28).
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Table 4.2 Product distribution of ethanol conversion over modified ZSM-5 catalysts'.

Catalyst Product distribution (% carbon yield)"
C2 C3 C4  C5-C8 BTX'  C9+
HZSM-5(11) 133 29.4 27.7 1.9 17.8 9.8
3AgHZSM-5(11) 19.8 15.7 16.7 1.9 27.4 18.5
HZSM-5(28) 21.6 25.0 23.9 4.3 13.0 12.2
3AgHZSM-5(28) 96.2 0.0 1.3 0.1 0.7 1.7
3AgHZSM-5(28)/H, 36.2 23.0 24.6 4.0 6.1 6.2

* Reaction conditions: Temperature = 425 °C, Pressure = 1 atm, Carrier gas = N, or H,, W/F =
6.75 g*h/mol.
® Product distribution at 1 hour on stream.

° BTX = benzene, toluene, ethylbenzene and xylenes.

It can be seen in Table 4.2 that the activity and the BTX selectivity obtained from
3AgHZSM-5(28) are exceedingly low, as compared to those of HZSM-5(28). While an increase
in the catalytic activity towards aromatization is observed over 3AgHZSM-11, as compared to
HZSM-5(11). This is clearly because Brensted acid sites cannot be recovered in 3AgHZSM-5(28),
due to the reversible interconversion of the reduced Ag species. The decrease in acid sites would
leave ethylene mainly unreacted since the pfotonation of ethylene is a rate-determining step and
the dehydration of ethanol to ethylene is virtual completely. Hence, such a decrease in Bronsted

acid site results in a complete conversion of ethanol to ethylene but with lower BTX.
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Figure 4.13 In situ 3C MAS NMR spectra of Ag-modified HZSM-5 zeolite (a) HZSM-5(11),
(b) 3AgHZSM-5(11), (c) HZSM-5(28), and (d) 3AgHZSM-5(28).

In support with this view their catalytic behavior of 3AgHZSM-5, Figure 4.13 shows the
’C MAS NMR spectra recorded on the conversion of ethylene at 60 °C over Ag-modified zeolite.
As compared with the HZSM-5(11), the spectrum of 3AgHZSM-5(11) (Figure 4.13b) shows a
marked increase in the signals at 10-50 ppm due to the oligomerized products of ethylene [40-43].
This result is consistent with the observed high catalytic activity of 3AgHZSM-5(11) for the
ethanol conversion (Table 4.2). However, small amounts of ethylene (125 ppm) [43,44] can be
converted to oligomerized products (10-50 ppm) for over 3AgHZSM-5(28), as compared to that
in HZSM-5(28). This supports the suggestion that Brensted acid sites cannot be recovered in
3AgHZSM-5(28), due to the reversible interconversion of the reduced Ag species.

Since the revérsible interconversion would be thermodynamically favored in the absence
of H,, preventing this reaction may well be achieved by keeping the reduced Ag species in a H,
stream. This was actually tested by another TPHE experiment, in which 3AgHZSM-5(28) was
subjected to be reduced at 425 °C and cooled down in a H, flow, instead a flow of the inert gas.

This is intended to keep all the reduced Ag species in its forms, and to prevent the reversible



57

interconversion that might have taken place during the cooling period. The sample was then
flushed with Ar at 50 °C to ensure that no physisorbed hydrogen was on the surface. From this
TPHE experiment (Figure 4.14), it can be clearly seen again that H, evolves, at relatively low

temperature, from the primarily reduced 3AgHZSM-5(28).

m/z signal

Figure 4.14 TPHE of 3AgHZSM-5(28) kept in H, stream after reduction. Gaussian

deconvolution of the TPHE signal is presented on the right.

With the Gaussian deconvolution, there appear to be three different H, evolutions at 447
°C, 505 °C and 545 °C. Since excessive amounts of H, are evolved in this experiment, as
compared to that cooled in He (Figure 4.9), one of these signals would arise from desorption of
the chemisorbed hydrogen on the reduced Ag species. The other two signals would have been
contributed from the reversible interconversion of two different reduced Ag species. If one
compares the signal intensity with that of the previous TPHE (Figure 4.9), it is reasonable to
presume that the signal at 505 °C may be referred to as chemisored H, and the signals at 447 °C
and 545 °C are due to the cationic and metallic Ag clusters, respectively. It is believed that in the
presence of chemisorbed H, the metallic Ag clusters may be formed as small clusters. This would
lead to a relatively lower temperature for the reversible interconversion in this experiment.
Nevertheless, this TPHE result indicates that the reduced Ag species, particularly the Ag cationic
clusters, are indeed preserved during the cooling period and undergo reversible interconversion as

a prove of its existence.
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Accordingly, it is expected that using H, as carrier gas in the reaction would keep the Ag
species in a reduced form and hold the acid sites on the framework. Consistent with this view,
when the ethanol conversion was tested under a flow of H,, it was found that a relatively higher
activity and BTX selectivity were obtained from 3AgHZSM-5(28), as compared with that using
N, as a carrier gas (Table 4.2). As the acidity is pronounced upon the reduction of Ag cations, the
acid-catalyzed reactions, such as alkylation, cyclization, aromatization, are therefore facilitated.

The recoverable acid sites are indeed observed by another '"H-NMR experimént (Figure
4.15), in which 3AgHZSM-5(28) is reduced at relatively mild reduction temperature (350 °C) for

2 hours, then cooled and kept under H,.
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Figure 4.15 'H spin-echo MAS NMR spectra of (a) 3AgHZSM-5(28), (b) 3AgHZSM-5(28)
reduced at 350 °C for 2 hours, then cooled and kept under H,, and

(c) red-3AgHZSM-5(28).
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Unlike the sample cooled in He (Figure 4.2), this reduced 3AgHZSM-5(28) truly reveals
recoverable Bronsted acid sites. This again confirms that the presence of H, can readily prevent
reversible interconversion of the reduced Ag species and that the Bronsted acid sites can be
conserved. The '"H-NMR of this particular sample (Figure 4.15) also reveals an additional obscure
peak at -0.5 ppm. Since it appears at an extraordinarily high field, this species must have
experienced a highly electron-rich environment. Due to the fact that it is only pronounced when
3AgHZSM-5(28) is reduced and kept in hydrogen, the signal at -0.5 ppm can be plausibly
referred to the “hydride” species associated with cationic or metallic Ag clusters [9,45]. It is
believed that H, not only keeps Ag\ species in its reduced forms but H, can also chemisorb on
such reduced Ag species and consecutively dissociate to form silver hydride (Ag-H) (Eq. (3)). In
addition, the existence of the silver hydride species is in good agreement with the proposed
chemisorbed H, that evolved at 505 °C in the previous TPHE experiment (Figure 4.14).

From the above, it is very interesting that, in a catalyst, both acidic protons (~3.9 ppm)
and hydrides (~ -0.5 ppm) can readily exist and be observed at the same time. This is another
beautiful example of locally catalytic sites generated within the micropores of zeolite, and may
well support the explanation for the enhanced catalytic activity for BTX production when silver is
incorporated. Since the hydride transfer play an important role in the aromatization of
hydrocarbons over acid catalysts [46-49], the presence of the reduced Ag species that form and
stabilize hydride species without interfering with the acid function would allow a rapid hydrogen
transfer from the carbocation intermediates. This would readily facilitate the formation of
aromat‘ics [50,51] from light hydrocarbons. Although this cannot be clearly demonstrated by
3AgHZSM-5(28), due to its low acidity (high Si/Al), the enhanced activity due to incorporated
Ag is clearly shown by its higher acidity counterpart, the 3AgHZSM-5(11). In Table 4.2, higher
BTX selectivity is readily obtained from 3AgHZSM-5(11), as compared with HZSM-5(11) which

also well agrees with the previous reports [12,52].

4.4 Conclusions

In AgHZSM-5, the Si/Al ratio of the host zeolite strongly influences the reducibility of
the Ag species and the types of the reduced Ag species formed. Upon reduction with H, at 425 °C,
metallic Ag clusters are readily formed in a low silica sample, AgHZSM-5(11). This is due to the

closely proximate sites that allow the reduced Ag species to agglomerate into larger and more
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stable Ag metal clusters. TPR and TPHE experiments also evidence that the metallic Ag clusters
are resistant to the reversible interconversion up to ~700 °C. It is presumed that the larger the
metal clusters, the less easily it can react with the neighboring Brensted acid sites. For
AgHZSM-5(28), a higher silica sample, most of the reduced Ag species, formed at 425 °C, are
cationic Ag clusters with. small amounts of the metallic ones. This may well be due to a better
interaction of the sofier cationic Ag clusters with the soft framework of high silica zeolites. Under
inert atmosphere, the cationic Ag clusters can readily undergo reversible interconversion at
relatively low temperature (<425 °C). This leads to no observation of recoverable acid sites and
Ag metal phases (by XRD, DR-UV and XANES) in this sample after reduction at 425 °c. 'H
MAS NMR results show that by keeping the sample under aflow of H,, the reduced Ag species
and Brensted acid sites can be preserved. In addition, a hydride species was evidenced,
suggesting a possibility for the catalyst to promote hydride transfer. This is consistent with the

observed increase in catalytic activity when hydrogen is present in the reaction.
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Chapter 5
Additional Bronsted Acid Sites in [Ga]HZSM-5

Formed by the Presence of Water

5.1 Introduction

Gallium-containing zeolites have been extensively-investigated due to their unique
catalytic performances in light hydrocarbon aromatization [1-8]. The active Ga species were
suggested to be the non-framework Ga species present in the zeolite under reducing atmosphere
(either by H, or the hydrocarbon feeds). Such species including Gah, GaO’, Ga,0, and Ga', were
believed to be responsible for dehydrocyclization activity [9-12]. The synergetic effect by Ga
species and the acid sites of zeolite was also derived from the facilitated adsorption of
hydrocarbons and desorption of H, over acid sites, respectively [13-15]. Accordingly, the
concentration of acid sites and Ga dispersion would play significant roles in the aromatization
activity of gallium-containing zeolites [16].

It is worth noting that all the proposed Ga species are high in Lewis acid character [17].
Thus, in the presence of water, the interaction of hydrocarbon feed with the above Ga species
could be modified. With this view, one could expect that a competitive adsorption of water
against the hydrocarbon feed and hydrogen on such Ga species would lead to a drop in the
activity, as generally observed over other metal loaded catalysts [18-20]. However, an increase in
aromatic yield can be obtained for the conversion of methanol over [Ga]JHZSM-5 [21,22] even
though a large amount of water is present, as co-product, in the reaction stream. This marked
behaviour of Ga-containing zeolite leads to the question for the effect of water on the
incorporated Ga species and their catalytic activity.

In this work, we provide further evidence for additional acid sites formed by an
interaction of water and the Ga species present in [Ga]HZSM-S. 'H MAS NMR, together with
Fourier transform infrared spectroscopy (FTIR), temperature-programmed reduction (TPR) and
thermogravimetric/differential thermogravimetric =~ (TGA/DTG) techniques, were ‘mainly
employed to determine such additional acid sites. The effects of steam treatment of [Ga]HZSM-5
on its acidity/acid strength and reducing ability of Ga species were also investigated. These

additional acid sites may affect the aromatization activity of this catalyst in the presence of water.
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Hence, aromatization of ethanol and of ethylene is compared and the effect of water on the

reaction over [Ga]HZSM-5 is highlighted.

5.2 Experimental details

HZSM-5 (Si/Al ~ 28) was prepared by calcining NH,ZSM-5 (Zeolyst International) at
550 °C for 4 hours in air. Ga-modified HZSM-5 (3 wt% Ga, as shown in Table 5.1) was prepared
by impregnation of NH,ZSM-5 with Ga(NO,),. The sample was then activated by air at 550 °C
for 4 hours ([Ga]JHZSM-5), while st-[Ga]JHZSM-5 was prepared by heating of [Ga]JHZSM-5 at
425 °C under ~1 % H,0/N, (30 mL/min) for 3 hours. In addition, the b-{Ga]JHZSM-5 (3 wt% Ga

loading) was prepared by HZSM-5 support with bulk Ga,O; (particle size ~ 50-200 nm).

Table 5.1 Chemical composition and surface area of zeolite samples.

Catalyst Ga content (wt%) Surface area (m’/g)
HZSM-5 - 560
[Ga]HZSM-5 29 525
b-[Ga]HZSM-5 2.8 533

'H MAS NMR spectra were recorded at 300 MHz on a Briiker spectrometer with a BBI
MAS probe using a 5 mm ZrO, rotor. Prior to the measurement, the sample was packed into an
NMR rotor and heated to 270 °C and 360 °C under high vacuum (3.0 x 10° Torr) in a homemade
apparatus for dehydration. After the treatment, the sample can be filled with He, sealed and
transferred into the spectrometer. The samples were spun at 5 kHz. A spin-echo pulsing sequence
was used to acquire 'H spectra with 64 scans. The chemical shifts were referenced to TMS.

FTIR spectra were recorded on a Briiker series spectrometer. A thin zeolite wafer 10 mm
in diameter was placed in a homemade sample holder and then transferred into the IR cell
equipped with heating rod. The zeolite sample was dehydrated at 350 °C under vacuum (3 x 10°
Torr) for 5 hours. After cooling, IR spectra were acquired in the transmission mode at room
temperature over the wave number range of 4000-1300 cm’. For TGA/DTG, the sample (10-15

mg) was heated from 40 to 900 °C under a flow of N, with a heating rate of 10 °C/min.
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NH,-temperature-programmed desorption (NH,-TPD) experiments were carried out
using a TCD detector. Before adsorption, the samples (0.05 g) were dried in a flow of He at 425
°C for 2 hours. Adsorption of 10 % NH,/He took place at 50 °C until saturation, then the samples
were flushed with He at the same temperature for 2 hours. TPD measurements were carried out
from 50 to 800 °C with a heating rate of 10 °C/min using He as a carrier gas.

Temperature-programmed reduction (TPR) was performed using a TCD as detector. H,
consumption was recorded with temperature as the sample (0.05 g) was heated in a flow of 7 %
H,/Ar (30 mL/min) with a heating rate of 10 °C/min. Water produced during the reduction process
was removed in a U-shaped glass trap at -70 °C before entering the TCD.

Catalytic study on aromatization of ethylene/ethanol was performed in a fixed bed flow
reactor. The feed (ethylene gas/vaporized ethanol) was carried by N, through a catalyst bed of
[Ga]JHZSM-5 (0.15 g) at 425-525 °C. The products are analyzed by an on-line gas chromatograph

equipped with a flame ionization detector (FID) and VA-1 capillary column (Appendix B).

5.3 Results and discussion

270 °C ﬂ 360 'c'
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Figure 5.1 'H MAS NMR spectra of (a) HZSM-5, (b) [Ga]HZSM-5, and (c) st-{Ga]HZSM-5
treated at 270 °C and (d) HZSM-5, (¢) [Ga]HZSM-5, and (f) st-{Ga]JHZSM-5 treated
at 360 °C.
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Figure 5.1 shows that 'H MAS NMR spectra of HZSM-5 exhibited two major
characteristic resonance lines. The signals at lower chemical shift (1.5-2.3 ppm) can be referred to
the defect hydroxyls of the zeolite framework. It was suggested that [23] the signal at 1.5 ppm
arises from silanol protons, whilst the signals at 1.8 and 2.3 ppm are assigned to the non—acidic
hydroxyls which are bounded to the Al extra-framework and the defect Al framework sites (Al-
OH), respectively. The signal at higher chemical shift (3.9 ppm) can be ascribed to the bridging
hydroxyl groups (=Si-OH-Al=, Brensted acid site) [24]. Omegna et al. [23] also reported a
signal at ~ 6.4 ppm, attributed either to (i) another kind of Bronsted acid site, influenced by
additional electrostatic interaction of the zeolite framework, or (ii) the residual ammonium ions.
However, it is believed that such species can also be observed as an obscure peak at 10.4 ppm in
this experiment.

It can be clearly seen that the intensity of Brensted acid site of [Ga]HZSM-5 (Figure 5.1b)
is markedly increased and shifts towards a higher field (3.7 ppm), as compared t6 that of HZSM-5

(3.9 ppm). In addition a new signal at 7.7 ppm (Figure 5.1b) became pronounced when Ga is
| incorporated. This indicates that the incorporation of Ga into HZSM-5 increases the total acidity
of the catalyst. Such additional acidity is consistent with the increase in the intensity of FTIR
band at ~ 3600 em’ (Figure 5.2), assigned to Bronsted acid sites [25-27], for [Ga]HZSM-5 and st-
[Ga]HZSM-5, as compared with the value for HZSM-5.

Trensmittance (%]

T T T T T T
3900 3600 3700 3600 3500 3400 3300
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Figure 5.2  FTIR spectra of (a) st-[Ga]HZSM-5, (b) [Ga]HZSM-5, and (c) HZSM-5.
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Several reports [5, 28-30] suggest that, when soluble Ga species is incorporated into
HZSM-5, Ga(OH)2+ is primarily exchanged into the negative framework of ZSM-5. Such species

can dehydrate to form GaO' at high temperature [5,31].
Ga(OH),, — GaO +H,0 Eq. (1)

The GaO" would be dispersed over the exchangeable sites in the framework and can
readily react with water when re-exposed to the atmosphere, forming the extra-framework

GaO(OH) and Brensted acid sites [32].
GaO'+H,0 —» GaO(OH)+H," Eq. 2)

It is proposed in this work that this extra-framework GaO(OH) species exhibits an
additional signal at 7.7 ppm of [Ga]HZSM-5 (Figure 5.1b). It should also be noted that the
observed higher chemical shift for this signal may not be necessarily due to a higher acid strength
of the GaO(OH). The interaction of high spin-state Ga may well affect the observed chemical
shift in various manners.

Un}ike GaO" species, such extra-framework GaO(OH) would not be localized at the
exchangeable .sitt;,s, but would rather be mobile upon heating. Accordingly, it is reasonable to
speculate that such GaO(OH) species can be incorporated into the framework by the reaction with

available defect silanols, forming additional Brensted acid sites (=Ga—OH-Si=).
GaO(OH) + n(=Si-OH) — [=Ga-OH-Si=]+H,0 Eq. (3)

Corresponding with this, an increase in the Brensted acid signal at 3.7 ppm is observed,
together with a decrease in non-acidic hydroxyl signals at 1.5-2.3 ppm (Figure 5.1b). Such
additional acid sites (Ga—OH-Si=) would exhibit a lower acid strength, as compared to that of
the typical framework Al (=Al-OH-Si=). This is presumably due to the lower electronegativity
of the larger, softer Ga cation, as compared with the value of the smaller, harder Al cation. Indeed,
a relatively lower chemical shift for the signal of Brensted acid site in [Ga]HZSM-5 was

evidenced (~3.7 ppm, as compared to ~3.9 ppm for HZSM-5).
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Upon further heating, the remaining GaO(OH) species can be dehydrated by a reaction
with any Brensted acid sites forming back GaO', and the chemisorbed water is practically
removed. In support with this view, heating the sample up to ~360 °C under vacuum can readily
diminish the GaO(OH) signal (Figure 5.1e). Further investigation (not shown) reveals that this
signal (~7.7 ppm) can be recovered when the sample was re-exposed to the atmosphere and the
process can be virtually repetitive. Some additional Ga insertion was also expected when
[Ga]HZSM-5 is heated to 360 °C. This is observed by a further reduction of signals at 1.5-2.3
ppm, together with an increase in the intensity of the signal at ~3.7 ppm (Figure 5.1¢).

Further evidence supporting the insertion of Ga into the zeolite framework (the additional

Brensted acid site) is shown by NH,-TPD profiles (Figure 5.3).
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Figure 5.3  NH,-TPD profiles of (a) HZSM-5(28), (b) [Ga]HZSM-5(28), and

(c) st-[Ga]HZSM-5(28).

Typically, the spectrum of HZSM-5 exhibits two characteristic peaks [33,34]: (i) from
the NH, adsorbed on Si-OH or from non-zeolitic impurity (~ 50-200 °C), and (ii) from the NH,
adsorbed on the acidic hydroxide group =Si—-OH-Al= (~ 300-500 °C). It can be clearly seen that,
when the Ga was incorporated [35], a higher intensity of NH,-acid site desorption was found,

indicating an increase in acidity. This is presumably due to the insertion of Ga into the framework,
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as observed earlier by NMR and FTIR. Moreover, the peak shifted towards lower temperature,
suggesting a relatively weaker acid strength, as compared to the typical =Si-OH-Al= in HZSM-5.
This is consistent with the above discussion that the additional acid site (=Si-OH-Ga=) formed
by Ga incorporation would possess a weaker acid strength and, hence, a weaker interaction with
NH,.

From NMR results, it appears that the insertion of the incorporated Ga is preferred, as
evidenced by a higher intensity of the signal at 3.7 ppm, as compared to that at 7.7 ppm. This is
particularly the case at elevated temperature and when the defect hydroxyls are available. In
contrast, GaO(OH) would be retained in the presence of water at relatively lower temperature (<

300 °C). This is deduced from the observed weight loss at 300 °C when [Ga]HZSM-5 was heated

under N, (Figure 5.4b).
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In support, this DTG signal can be described by the dehydroxylation of GaO(OH) to

form GaO" species (Eq. (4) (or the reversed reaction of Eq. (2))

GaO(OH)+H,, — GaO' +H,0

Eq. (4)
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Another weight loss can be observed at ~ 450 °C for [Ga]JHZSM-5. This signal is
uniquely derived from the incorporated Ga species, since it was not observed in HZSM-5 (Figure
5.4a). This signal is likely to be associated with the dehydration of the extra-framework GaO(OH)
to form Ga,0, (Eq. (5)) [32].

2GaO(OH) — Ga,0,+H,0 Eq. (5)

As mentioned earlier, the extra-framework GaO(OH) is rather mobile. It may well be
readily agglomerated and subsequently dehydrated to form Ga,0, at high temperature, in addition
to the insertion into the framework (Eq. (3)), as suggested by NMR. Accordingly it appears that,
upon heating, GaO(OH) can either react with Bronsted acid sites or with itself to form GaO’ or
Ga,0,, respectively. This observation suggests that GaO(OH) species can only be present in
[GaJHZSM-5 at <450 °C.

Under steam treatment at 425 °C, similar chemical shifts can be observed for st-
[Ga]JHZSM-5 (Figure 5.1c). However, the intensity of signals at ~3.7 ppm is slightly increased
while those at 1.5-2.3 ppm and 7.7 ppm are decreased when compared to the values for
[Ga]HZSM-5 (Figure 5.1b). This result indicates that the steam treatment may well promote an
additional insertion of Ga species into the framework. As mild steaming usually increases the
migration of impregnated metal or metal oxide extra-framework [18-20], a better
dispersion/insertion of Ga species (GaO(OH)) to the lattice defects would be facilitated. This
leads to an increase in Brensted acid sites and to reduction of defect hydroxyls and GaO(OH) of
the catalyst, as observed.

Further evidence supporting the insertion of Ga species after steaming was observed
from DTG (Figure 5.4). While weight losses at 300 and 450 °C are clearly shown in [Ga]HZSM-5,
only a tiny weight loss is observed over st-[GaJHZSM-5 (Figure 5.4c). This again suggests that,
under steaming, most of Ga extra-framework (GaO(OH)) can further react with the defect
framework of zeolite. Consequently, small amounts of GaO(OH) remain in the sample after
steaming and only trace of water can be liberated from the st-]|Ga]JHZSM-5. The reduced number
of GaO(OH) species remaining in the catalyst is also consistent with the observed decrease in
signal at 7.7 ppm in the st-[Ga]HZSM-5 (Figure 5.1c).

When the steamed sample (st-[Ga]JHZSM-5) was further heated at 360 °C for 15 hours

under high vacuum (3.0 x 10” Torr), the resonance signal at 7.7 ppm appears to be less (Figure
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Further investigation on the effect of steaming was performed by H,-TPR studies (Figure
5.6) of the physical mixing of Ga,0O, (particle size ~ 50-200 nm) with HZSM-5 zeolite (b-
[GaJHZSM-5) and their steamed sample (st-b-[Ga]HZSM-5).
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Figure 5.6 The TPR curves of b-[Ga]lHZSM-5(28) and st-b-[GaJHZSM-5(28) treated with

steam at 425 °C.

It can be seen that a reduction peak of bulk Ga,0, in b-[Ga]HZSM-5 appears at ~ 670 °C.
As expected, a smaller signal was observed for the reduction of bulk Ga,0, in st-b-[Ga]HZSM-5,
indicating that less bulk Ga,O, is retained in this sample. In other words, iarger parts of the bulk
Ga,0, can be re-dispersed by reaction with steam, presumably forming GaO(OH) (Eq. (6)) and/or

inserting into the framework (Eq. (3)), as discussed previously.
Ga,0,+H0O ——» 2GaO(OH) Eq. (6)

In agreement with this view, the reduction peak of Ga species in the steamed sample (st-
b-[GaJHZSM-5) shifts toward a lower temperature. This is because the highly dispersed Ga
species would be more feasibly reduced, as compared to the bulk Ga,0,.

From the above results, we can conclude that the presence of water can promote the
formation of GaO(OH), an additional acid site, by reactions both with GaO' and with bulk Ga,0,.

Upon heating, this GaO(OH) species can either (i) be inserted into the framework by reaction
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with defect hydroxyls (> 300 °C), (ii) react with Brensted acid sites to form GaO" or (iii) become
dehydrated to form smaller clusters of Ga,0, (> 450 °C). Accordingly, the catalytic activity of
[Ga]JHZSM-5 at temperature higher than 450 °C shall not be affected by the presence of water. In
contrast, the effect of water would be significant at temperatur-es lower than 450 °C, as shown by

the conversion of ethanol and ethylene in Table 5.2.

Table 5.2 Effect of water co-feeding over Ga-modified HZSM-5".

Product distribution (% carbon yield)b

Catalyst Feed
C2 C3 C4 C5+ BTX"
95 wt% Ethanol 13.75 32.75 30.51 1422 8.76
HZSM-5 Absolute ethanol 9.44 30.02 3046  15.57 14.50
Ethylene 7.46 32.23 3175  14.33 14.22
al 95 wt% Ethanol 9.50 27.34 30.64  17.04 15.47
a

Absolute ethanol 9.80 27.95 31.52  18.05 12.68
HZSM-5

Ethylene 19.66 18.73 26.94 14.60 20.07

* Pressure = 1 atm, Temperature = 425 °C, W/F = 15.97 g-h/mol.

b . . .
Product distributions were averaged over 1-3 hours on stream.

* BTX = benzene, toluene, ethylbenzene and xylenes.

In the reactions using 95 % ethanol, absolute ethanol and ethylene as feed at 425 °C,
slightly deactivations of both the catalysts: HZSM-5(28) and [Ga]HZSM-5(28) were observed
(Figure 5.7).
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Figure 5.7 % Carbon yield of remaining ethylene and BTX’ from the reaction of 95 % ethanol,
absolute ethanol, and ethylene using (a) HZSM-5(28) and (b) [Ga]HZSM-5(28) as
a catalyst as a function of time on stream.

“ BTX = benzene, toluene, ethylbenzene and xylenes.

For the reactions using ethanol as feed, ethanol is virtually completely converted to
ethylene over acid catalyst (HZSM-5). The conversion of the primarily formed ethylene to higher
hydrocarbons decreases with a rise in water content (as seen by the amount of ethylene retained in
the product stream, Table 5.2). It indicates that water, either produced by ethanol dehydration
(absolute ethanol) or present as co-feed (95 % ethanol), can inhibit oligomerization of the
ethylene by competitive adsorption over the acid sites.

Surprisingly, in the case of [Ga]HZSM-5, selectivity of C; hydrocarbons increases with
rise in water content. This supports the above observation that the presence of water can produce

additional acid sites in [Ga]HZSM-5 (Eq. (2)) which can remain at the reaction temperature (425




80

°C). The enhanced acidity of [Ga]JHZSM-5 can promote ethylene oligomerization and the
subsequent aromatization of higher hydrocarbons. It is believed that GaO” is not present under
such reaction conditions as it would be react with water to form GaO(OH). Only GaO(OH) and
the additional acid sites generated by insertion of Ga species are responsible for the observed
activity.

In a different manner, BTX selectivity is also high for the reaction using ethylene as feed
at 425 °C, although the fraction of ethylene converted is relatively low. Researchers suggest that
the increase of BTX selectivity would be predominantly derived from the aromatization of small
olefins. Since there is no water present in the reaction, GaO" and its reduced species can be

retained and can readily promote the aromatization reaction.

Table 5.3 Effect of temperature on ethanol conversion over [Ga]HZSM-5".

Temperature Product distribution (% carbon yield)b
Catalyst o
o) C2 C3 C4  C5+ BTX
425 9.80 2795 31.52 18.05 12.68
[Ga]JHZSM-5 450 13.16 3349 30.03 14.15 9.17
525 4246 23.61 11.56 7.07 15.30

* Pressure = 1 atm, Temperature = 425-525 °C, W/F = 15.97 g-h/mol.

® Product distributions were averaged over 1-3 hours on stream:

° BTX = benzene, toluene, ethylbenzene and xylenes.

As the chemisorbed water plays a marked role in the formation of additional acid sites
and the active species, the catalytic behaviour of {Ga]JHZSM-5 would be readily regulated by
temperature. This can be seen by a lower fraction of ethylene converted and a lower BTX
selectivity at 450 °C, as shown in Table 5.3. As the temperature was increased, relatively less
chemisorbed water could be retained in [Ga]HZSM-5. Hence, smaller number of acid sites would
be expected, as compared to the reaction at 425 °C. This leads to a lower selectivity to produce

the higher hydrocarbon. In tum, small olefin aromatization is then promoted in ethanol
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conversion over [Ga]JHZSM-5 at 525 °C. This is because, at high temperature (525 °C),
chemisorption of water on GaO' to form GaO(OH) is prohibited, although water is always present
in the feed. Consequently, the GaO" and its reduced species would be responsible for the
observed activity (namely aromatization [1-8]), as seen by an increase in BTX selectivity, even

though the fraction of ethylene converted was exceedingly decreased.

5.4 Conclusions

The formation of different Ga species is regulated by the temperature and the presence of
water. Incorporation of Ga species into HZSM-5 leads to the formation of active GaO", which can
readily react with the chemisorbed water to form GaO(OH). The dispersed GaO(OH) can further
react with the defect framework of zeolite, forming additional Brensted acid sites associated with
Ga in the framework. As new acid sites can be generated in Ga-modified HZSM-5 upon water
chemisorption, we suggest that the additional acid sites could be obtained only at lower
temperature (< 425 °C). Such acid sites can promote ethylene olgomerization and reforming of
higher hydrocarbons, in a manner similar to that exhibited by conventional Brensted acid sites.
Upon heating, GaO(OH) can be dehydroxylated back to GaO' (~300 °C) in the absence of water
or dehydrated to form Ga,O, at high temperature (> 450 °C). Under such reaction conditions, the

activity for small olefin aromatization can be recovered.
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Chapter 6
Tunable Ga Species in [Ga]HZSM-5 by H, Treatment :

A Pulsed Study on Ethane Dehydrogenation

6.1 Introduction

Gallium-incorporated HZSM-5 zeolites ([Ga]HZSM-5) are recognized as being effective
catalysts for converting light alkanes to aromatics [1-8]. Key roles are played by modified Ga in
the dehydrogenation. of paraffins [1-3], whereas Brensted acid catalyzes the oligomerization of
the olefins thus produced and possibly their subsequent aromatization. While the study of the type
of Ga species has spanned many years, controversy remains as to its catalytic activity, which
relates mainly to the nature of the active sites which gallium species is responsible for the
catalytic activity [1,9-12].

It was first believed that the Ga,0; obtained after calcination, was the active catalytic
species, because it was capable of dehydrocyclization [9,13] and H, dissociations [14]. However,
it was found subsequently that the intrinsic dehydrogenation activity of Ga,0,/HZSM-5 was
bétter than that of Ga,0, alone. Since this discovery, there have been many experimental
investigations that have attempted to elucidate the structure of the Ga species which was carried
out under the reducing atmosphere of H, (either by feeding or in situ to produce it from
dehydrogenation of hydrocarbons) and its interaction with Brensted acid. Researchers have
reported that the Ga,O, species are readily reduced during pretreatment with hydrogen or with the

hydrocarbon feed to Ga,O species that migrate into the zeolite channels [3,10,15,16).
Ga,0,+2H, —» Ga,0+2H0 Eq. (1)

These mobile species react with the zeolitic Brensted acid, resulting in the formation of

reduced cationic, Ga' species bound to a negative framework charge of the zeolites [3,10,15,16].

Ga,0+2H" —> 2Ga +H,0 Eq. (2)
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Alternatively, several reports [3,17-19] suggest that Ga(OH)z+ is primarily exchanged
into the negative framework of HZSM-5. Such species can dehydrate to form GaO" at high

temperature [3,20].

Ga(OH),’ —— Ga0O +H,0 Eq. (3)

The GaO" would be dispersed over the exchangeable sites in the framework, however,

such Ga species can readily react with H,, finally forming the Ga' species [21,22].

GaO'+H, — Ga +H,0 Eq. (4)

It is also believed that H, not only keeps Ga species in its reduced forms but can also

chemisorb on Ga' species and consecutively dissociate to form gallium dihydride (GaH;) [23].

Ga'+H, — GaH, Eq. (5)

The existence of the gallium dihydride species is in good agreement with the observed
adsorption band at ~ 2040 cm’ [23]. Kazansky et al. [20,23] reported that such Ga species are
relatively stable and decompose only partially in a reductive hydrogen atmosphere at elevated
temperatures.

The resulting material may contain several types of reduced Ga species and also gallium
oxide particles if the reduction process is not complete. The oxide species may include bulkier
aggregates on the external surface or smaller ones in the micropore space of the zeolite.
Consequently, the Ga active species promoted alkane dehydrogenation has not been fully
understood yet due to the wide variety of Ga species (Ga,0,, GaO', Ga', and GaH;).

Recently, this research has attempted to determine the catalytic activity of various Ga
species based on the ethane dehydrogenation. The possible type of Ga species, which is formed in
situ, can be achieved according to the different pre-treatments. For example, the isolated Ga,0O,
and the exchangeble GaO" species can be obtained after calcination with air. While the Ga'
cationic species would result from the reduction of Ga oxide. Finally, GaHZ+ can be stabilized

under the H, system. The catalytic activity of such Ga species was investigated using a pulsed
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reactor. In addition, the hydrogen or steam treatment and the Si/Al ratio of the host zeolite

influencing its catalytic activity were also highlighted.

6.2 Experimental details

HZSM-5 samples were commercially obtained from Zeolyst International (Si/Al ~ 11
and 28) and Sud-Chemie (Si/Al ~ 165). Conventional i;npregnation of HZSM-5 with Ga(NO,),
was employed to obtain 3 wt% Ga loading. The sample was then calcined at'550 °C for 4 hours in
a flow of dry air. Hereafter, the catalysts were designated as [Ga]JHZSM-5(Si/Al) according to
their Si/Al ratio. In addition, the b-[GaJHZSM-5 (3 wt% Ga loading) was prepared by HZSM-5
support with bulk Ga,0, (particle size ~ 50-200 nm) in order to study the catalytic activity of Ga
oxide species and the influence of the cluster size on the formation of various Ga species.

Temperature-programmed reduction (TPR) experiments were carried out using a TCD
detector. Prior to the H,-TPR, the sample was heated to 550 °C in dry air for 1 hour (30 mL/min).
Subsequently, the sample was cooled to 50 °C. The H, consumption was recorded with the
temperature, when the catalyst samples were heated in a flow of 2 % H,/Ar (30 mL/min) with a
heating rate of 10 °C/min.

NH,-temperature-programmed desorption (NH,-TPD) experiments - were carried out
using a TCD detector. Before adsorption, the samples (0.05 g) were treated in a flow of He or H,
at 550 °C for 2 hours. Adsorption of 10 % NH,/He until saturation took place at 50 °C, then the
samples were flushed with He at the same temperature f<;r 2 hours. TPD measurémen'ts were
taken from 50 to 700 °C with a heating rate of 10 °C/min, with He as the carrier gas. '

The procedure for the ethane pulse reaction studies was as follows. The 15 mg of catalyst
was pretreated in a flow of He or H, (60 mL/min). After the pretreatment, 25 microliter of 5 v/v%
ethane in He or H, gas was injected into the pretreated catalyst to obtain its initial activity. This
procedure was repeated to obtain the ethane pulse reaction data at the different reaction
conditions: expl = 5 % ethane/He was fed using He as carrier gas, exp 2 = the 10 pulses of pure
H, was injected to the catalyst, and then 5 % ethane/He was fed using He as carrier gas, exp 3, 4 =
the exp 2 was re-operated, exp 5 = 5 % ethane/H, was fed using H, as carrier gas, exp 6 = the exp
2 was re-operated, exp 7 = the exp 5 was re-operated, and exp 8 = the exp 2 was re-operated. The
products of the ethane pulse reaction were analyzed by an on-line gas chromatograph equipped

with a flame ionization detector (FID) and HP-Plot capillary column (Appendix B).
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6.3. Results and discussion
6.3.1 Catalyst characterization
The characteristics of the zeolite samples including Si/Al ratio of the host zeolite, % Ga

loading, and BET surface area are shown in Table 6.1.

Table 6.1 Chemical composition and surface area of zeolite samples.

Catalyst Si/Al Ga content” (Wt%) Surface area (mz/g) .
HZSM-5(11) 11 - 645
HZSM-5(28) 28 - 560
HZSM-5(165) 165 - 540

[Ga]HZSM-5(11) 11 2.8 590
[Ga]HZSM-5(28) 28 2.8 525
[Ga]HZSM-5(165) 165 2.8 520
b-[Ga]JHZSM-5(28) 28 2.7 530
b-{Ga]HZSM-5(165) 165 2.7 ' 510

* Elemental analysis for Si, Al, and Ga were performed using ICP.

The Ga content on the impregnated and physical mixed catalyst is the same.
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Figure 6.1. The TPR profiles of (a) comparison data of [Ga]JHZSM-5(28), (b) the primary H,-
TPR of [Ga]HZSM-5(28), (c) the secondary H,-TPR of [Ga]HZSM-5(28), and
(d) the tertiary H,-TPR of [Ga]HZSM-5(28).

Figure 6.1 shows the TPR profile of the Ga-modified HZSM-5(28) zeolite samples. With
the Gaussian deconvolution, it can be seen that there are two major peaks for the calcined
[Ga]HZSM-5(28) (Figure 6.1b). In this case, the T, peak (~ 510 °C) was assigned to the reduction
of well-dispersed Ga species such as small Ga,0, particles and/or GaOQ' species interacting with
the zeolite framework. While, the T, peak (~ 600 °C) was attributed to larger, bulk Ga,0, particles
separated from or loosely supported on the zeolite matrix [19]. It is evidenced that the calcined
[Ga]JHZSM-5(28) contains several types of Ga species.

After the primary H,-TPR, the sample was slowly cooled down to 100 °C under H, and
then readily switched to He. Subsequently, the sample was purged with air for 2 hours in order to
recover the Ga oxide species. To investigate the change in the nature and number of Ga species
caused by reduction/oxidation by the secondary H,-TPR was performed (Figure 6.1c). It shows
the two major peaks, as were observed previously. Interestingly, the peaks were shifted to the
lower reduction temperature. It is suggested that this derives from a better-dispersion of Ga
species after the reduction/oxidation process. Supported with this suggestion, the process was

repeated. The tertiary H,-TPR (Figure 6.1d) shows the new peak at lower reduction temperatures
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observed at ~ 320 °C. It is suggested that the Ga,0, particles can be reduced and consequently
migrated to the negative Al tetrahedral framework. When this species was re-oxidized with air,
the smaller particle of Ga species was generated resulting in the shift to a lower reduction
temperature. From the above results, it is worthy noting that the H, reduction can improve the
dispersion of the Ga species and subsequently modify their reducing ability. Moreover, a
relatively higher extent of H, consumption (H,/Ga,0,) can be obtained over the tertiary H,-TPR.
This is due to the well-dispersed Ga species being able to be readily reduced. In contrast, a lower
% H, consumption can be obtained over the bulk Ga,O, cluster due to an incomplete reduction.
Further evidence to support the reduction of the Ga oxide species to the Ga cationic

species (Ga' and GaH "} is shown in the NH,-TPD profiles (Figure 6.2).
2 3
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Figure 6.2. NH,-TPD profiles of (a) HZSM-5(28), (b) [Ga]JHZSM-5(28), and
(c) [Ga]HZSM-5(28) reduced with H, at 550 °C.

Typically, the spectra of HZSM-5(28) exhibits two characteristic peaks [24,25]; (i) from
the NH, adsorbed on Si—-OH or from non-zeolitic impurity (~ 50-200 °C), and (ii) from the NH,
adsorbed on the acidic hydroxide group =Si—-OH-Al= (~ 300-500 °C). It can be seen that when
the Ga species was introduced into zeolite, only a slight decrease in bridging Brensted acid site
can be observed. This suggests that, as the catalyst was calcined and only treated with He, the
incorporated Ga are mostly retained as isolated oxide (Ga,0,) and exchangeable (GaO") forms.

Such GaO' can replace onto the Brensted acid site. Accordingly, the acidity of the [Ga]HZSM-5
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can be diminished as compared to that of HZSM-5 (Figure 6.2). However, a dramatic decrease in
the Bronsted acid site could be seen when the catalyst was treated with H,. This is due to the
replacement of Ga cationic species (Ga' and GaH,") onto the Brensted acid sites. It is evidenced
that the exchangeable Ga cationic species are predominant in [Ga]HZSM-5 when the catalyst is

reduced.
6.3.2 Effect of Ga-incorporated HZSM-5

Table 6.2 % Conversion of ethane to ethylene over HZSM-5(28) and [Ga]HZSM-5(28).

Reaction HZSM-5(28) {Ga]HZSM-5(28)
temperature ("C) He H, He H,
550 0.00 0.00 4.87 19.35
600 0.73 0.00 18.52 42.29
650 2.56 0.90 25.84 53.36
700 6.13 2.16 55.89 62.40

(94.89, 5.11)°
750 12.55 3.39 ' 67.75 69.13
© (82.41, 17.59)

Reaction conditions: Catalysts = HZSM-5(28) and [Ga]JHZSM-5(28), Reaction temperature =
550-750 °C, Carrier gas = He and H,, Reactant = ethane.
* The selectivity of ethylene was 100 % except these results that ethylene and methane selectivity

were shown in blanket.

From Table 6.2, it can be clearly seen that the conversion of ethane to ethylene is
increased with reaction temperature for all experiments. This is due to an increase in the
dehydrogenation rate which is favored at a high reaction temperature. Regarding to the activity of
HZSM-5(28), a low conversion of ethane can be obtained when using both H, and He as carrier
gas. While the introduction of Ga in zeolite ([Ga]JHZSM-5(28)) can promote a higher
dehydrogenation activity leading to a high ethylene yield. This is consistent with the previous

work [1-3] that Ga-modified zeolite is of great interest for light paraffin aromatization via
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dehydrogenation activity of the incorporated Ga. It is interesting that the higher ethane conversion
can be obtained over such Ga-modified catalyst under H,. This confirms that the reduced Ga
species (Ga’, GaH2+) possesses a high dehydrogenation activity as compared to the Ga oxide
species (Ga,0,, GaO"). However, the question as to why the reduced Ga species possess the
relatively high dehydrogenation activity remains unclear. Such reduced Ga species may be
present as Ga' and/or GaH2+ depending on the treatment. Accordingly, the study of pulsed
reaction aimed to compare the catalytic activity of such reduced Ga species was carried out. For
instance, the Ga' can be achieved by the reduction of Ga oxide and such Ga species can readily
chemisorb H, forming GaH,". However, the GaH2+ species was only preserved by keeping it in

the H, system. Without H,, the GaH2+ can decompose mainly to Ga' at high temperature.

6.3.3 Effect of Ga species type

The reaction temperature of 650 °C was chosen to investigate ethane dehydrogenation.
This is because, according to the TPR (Figure 6.1), it could provide the predominant reduced Ga
species when Ga oxide was reduced. Moreover, the GaH2+ can also decompose to Ga'.at this

reaction temperature under the non-reducing atmosphere [20,23].
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Figure 6.3  Ethane pulsed reaction over [Ga]JHZSM-5(28) catalyst with different reaction
condition.
Reaction conditions: Catalyst = [Ga]HZSM-5(28), Reaction temperature = 650 "C, Pulsed

volume = 25 microliters.

From Figure 6.3, it is interesting to note that the dehydrogenation activity of Ga-modified
ZSM-5 depends largely on the Ga species which can be regulated by the H, concentration. It was
found that ~ 25 % conversion of ethane can be obtained at the reaction using He as the carrier gas
(Exp. 1). The small Ga,0, particles generated after calcination and/or GaO' generated by the
dehydration of Ga(OH); ((Eq. (3)) were suggested to be the active species under this reaction
condition. As the catalyst was calcined and only treated with He, the incorporated Ga are mostly
retained as isolated Ga,0, and exchangeable Ga0O". Such Ga oxide species in [Ga]JHZSM-5(28)
can provide a relatively higher activity of ethane dehydrogenation, as compared to HZSM-5 (~ 2
% conversion). Again, it is interesting to note that there is no change of activity with the number
of ethane pulses, despite the H, also being produced from the ethane dehydrogenation. This
clearly shows that there is an excess of Ga active sites and the initial activity can be obtained from

every single pulse.
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When the catalyst was in situ reduced with pure H, (Exp. 2), a reproducible activity for
ethane dehydrogenation to ethylene (~ 30% conversion) can be obtained. This evidences that, by
reduction with H,, a reduced Ga species can be generated and that possess a higher activity, as
compared to the oxide forms. As H, can reduce Ga,O, ((Eq. (1-2)) and/or GaO' ((Eq. (4)) to form
Ga' and.the Ga formed can chemisorb H, to form GaH2+ ((Eq. (5)), it is likely that such GaH2+
species provide the catalytic activity higher than Ga' and Ga oxide. This is concluded from the
high activity observed initially after H, is withdrawn. However, the GaH2+ cannot be stabilized in
the absence of H,. Hence, H, can readily desorb, particularly at high reaction temperatures to Ga'
and a decrease in catalytic activity can be observed (~ 40 % to ~ 30 % conversion) in Exp. 2.
Kazansky et al. [20,23] reported that at elevated temperatures GaHz+ species can consistently be
stabilized only in a reductive hydrogen atmosphere. If the decomposition of GaH2+ can readily
take place at the reaction temperature, this may well support the explanation for the change in
catalytic activity for dehydrogenation in Exp. 2. However, the reduced Ga' species can be
reserved after the H, desorption, consequently they can still promote a higher yield of ethylene, as
compared to the Ga oxide species. To confirm the above suggestion, the same operating condition
was performed with pulsed ethane dehydrogenation (Exps. 3 and 4). As expected, a similar result
can be observed. It is, therefore, clear that the observed decrease in catalytic activity of
[Ga]JHZSM-5(28) (Exps. 2-4) is influenced by the decomposition of GaH; to Ga' species.

Since the decomposition of GaH, to Ga' would be favored in the absence of H,,
preventing this reaction may well be achieved by keeping the catalyst in a H, stream. Therefore,
H, mixed with ethane was pulsed in the reaction (Exp. 5) under the H, carrier. It was found that a
relative increase in activity was obtained (~ 55 % conversion) and there is no change in catalytic
activity observed under the reaction using H, as the carrier gas. Accordingly, it is believed that
the GaH2+ species is kept and that possesses the highest dehydrogenation activity among the other
Ga species mentioned.

After switching to He (Exp. 6), the change in catalytic activity can be observed. It is
evidenced that the GaH2+ could only be preserved when it was kept in the reducing stream. In
contrast, the active GaH2+ can be decomposed to Ga' ata high reaction temperature under a non-
reducing gas stream. Hence, the result observed in Exp. 6 is similar to those that were observed in
Exps. 2-4. To confirm the above suggestion, Exps. 7 and 8 were tested and apparently such
phenomenon can be reproduced. From the above results, it can be concluded that under the H,

stream, GaH2+ cations are the predominant species in [GaJHZSM-5 and provide the high catalytic
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activity for ethane dehydrogenation to ethylene. The decrease in catalytic activity observed in

Exps. 2-4, 6, and 8, is attributed to the decomposition of such GaHz+ cations to Ga'.

6.3.4 Effect of Ga clusters and their treatment

Although Ga oxide is less active than the r.e(.iu‘ced ‘Ga species, it is worthwhile
investigating which Ga oxide species (Ga,0, and GaO") is responsible for the observed activity in
Exp. 1. Hence, the bulk Ga,0, on HZSM-5(28) ((b-[Ga]HZSM-5(28)) was prepared and its

catalytic activity tested.

70 [—m— [Ga]HZSM-5(28)
1 { —e— b-[Ga]HZSM-5(28)
80~ | —A— b-[Ga]HZSM-5(28) treated with H,

—v— b-[Ga]HZSM-5(28) treated with steam
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% Ethane conversion

55 600 650 700 /0
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Figure 6.4  Effect of Ga cluster and their treatment.
Reaction conditions: Catalysts = [GaJHZSM-5(28), b-[Ga]HZSM-5(28), and st-b-[Ga] HZSM-

5(28), Reaction temperature = 550-750 °C, Carrier gas = He, Reactant = ethane.

From the Figure 6.4, it was clearly seen that a relatively lower ethane conversion can be
obtained over b-[GaJHZSM-5(28) (Ga particle size ~ 50-200 nm), as compared to [Ga]JHZSM-
5(28) in which Ga particles locate principally on the external surface of the zeolite crystals with a
cluster size ~ 12 nm (not shown). A lower yield of ethylene can be deri;red by a small number of
Ga,0, sites on the surface, due mainly to the non-dispersion of the bulky Ga cluster.

After H, reduction at 750 °C, the bulky Ga oxide species would presumably be reduced
and dispersed in the zeolite support, consequently, high ethane conversion can be pronounced.
This is consistent with the H-TPR (Figure 6.1d) that the observed change in the nature and

number of Ga species is caused by H, reduction. However, the dispersion of Ga,0, upon
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reduction in H, mainly produces Ga'. To obtain the GaO" species, the solid-state reaction of
Ga,0, and steam was performed. It is suggested that water can react with the bulk Ga,0, to form
the well-dispersed GaO(OH) species and such species can consecutively react with Bransted acid

sites to form the exchangeable GaO'.

Ga,0,+H,0 —>» 2GaO(OH) Eq. (6)
GaO(OH)+H" — GaO +H,0 . Eq. (7)

The catalytic activity of b-[Ga]HZSM-5(28) treated with steam (st-b-[Ga]JHZSM-5(28)) was
investigated over ethane conversion and compared with that of Ga-containing HZSM-5(28)
zeolite prepared by impregnation and solid-state redox reaction using H,. From the Figure 6.4, it
is worth noting that treating the bulk Ga,O, with steam at 425 °C for 2 hours ((st-b-[Ga]JHZSM-
5(28)) can enhance the dehydrogenation activity of the b-[GaJHZSM-5(28) catalyst. After the
formation of GaO" due to the steaming, the relatively higher dehydrogenation activity can be
observed, despite the sample not being reduced.

Further evidence to support this observation can be obtained by the TPR of b-

[Ga]JHZSM-5(28) and st-b-[Ga]HZSM-5(28) as shown in Figure 6.5.
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Figure 6.5 The TPR profiles of (a) b-[Ga]HZSM-5(28) and (b) st-b-[Ga]HZSM-5(28) treated

with steam at 425 °C.
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It can be seen that a reduction peak of bulk Ga,0, in b-[Ga]HZSM-5(28) appears at ~
670 °C. As expected, a H, consumption peak of the Ga species in the steamed sample (st-b-
[Ga]JHZSM-5(28)) is shifted toward a lower temperature. This is because the highly dispersed Ga
species obtained from the steam treatment would be more feasibly reduced, as compared to the
bulk Ga,0,. With the Gaussian deconvolution, a smaller signal at ~ 670 °C was observed over the
st-b-[Ga]JHZSM-5(28), indicating that less bulk Ga,O, is retained in this sample. In other words,
larger parts of the bulk Ga,O, can be re-dispersed by reaction with steam ((Eq. (6-7)) to form
GaO". Such Ga species possess the higher dehydrogenation activity, as compared to the bulk

Ga, 0, (Figure 6.4).

6.3.5 Effect of the Si/Al ratio of zeolite
To study the effect of the Si/Al ratio of zeolite support, a ZSM-5 zeolite possessing a

different Si/Al ratio (ZSM-5(165)) was prepared. The results are shown in Figure 6.6.
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Figure 6.6  Effect of Si/Al ratio and treatment (a) treated with air at 550 °C, (b) treated with
steam at 425 °C for 2 hours, and (c) treated with H, at 750 °C for 1 hour.

Reaction conditions: Catalysts = b-[Ga]HZSM-5(28), st-b-[Ga]HZSM-5(28), red-b-[Ga]HZSM-

5(28), b-[Ga]JHZSM-5(165), st-b-[GaJHZSM-5(165), and red-b-[Ga]HZSM-5(165), Reaction

temperature = 550-750 °C, Carrier gas = He, Reactant = ethane.
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It is certain that the H, reduction and steaming can enhance the dehydrogenation activity
by generating the Ga cationic species (Ga" and GaO"). Although the same Ga content was loaded
into the b-[Ga]JHZSM-5(165), the lower dehydrogenation activity can be obtained, as compared to
that b-[Ga]HZSM-5(28).

This is presumably explained by the number of Brensted acid sites that play an important
role in determining the number of reduced Ga cationic species formed into zeolite. The high
acidity of zeolite can promote the high number of reduced Ga cationic species resulting in the
high dehydrogenation activity ((Egs. (2) and (7)).

To support with this view, the TPR of Ga-incorporated ZSM-5 with different Si/Al were

determined.
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Figure 6.7  The TPR profiles of (a) various [Ga]HZSM-5 different Si/Al ratio,
(b) 3[Ga]JHZSM-5(11), (c) 3[Ga]HZSM-5(28), and (d) 3[Ga]HZSM-5(165).

With increasing the Si/Al ratio, the peak at the hfgher reduction temperature can be
pronounced (Figure 6.7). This indicates that the high silica framework of the host zeolite, Ga,0,
particles can be aggregated outer the pore size of ZSM-5. This is due to the limitation of negative
Al tetrahedral. From the above results, it is interesting to note that the acidity of zeolite can also
control the dispersion of the Ga species and readily reduce their ability during the H, pretreatment

or even in the reaction.

6.4. Conclusions

As the catalyst was calcined and only treated with He, the incorporated Ga are mostly
retained as oxide forms, possibly Ga,0,, and GaO'. Under the reaction condition studied, such Ga
oxide species provide ~ 25 % ethane conversion. The Ga' generated under H, reduction, can
further chemisorb H, to form active GaH,". However, the decrease in- catalytic activity was
observed due to the decomposition of GaHz+ in He leading to the formation of Ga' which
provides ~ 30 % ethane conversion. Preventing this decomposition reaction may well be achieved
by keeping the GaH2+ species in a H, stream. Such GaHz+ species provide the highest catalytic

activity (~ 55 % conversion) among the other Ga species mentioned. In addition, the hydrogen or
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steam treatment can Hisperse the bulky Ga oxide species leading to the higher active cationic Ga
species of Ga' and GaO". While, Ga supported on the high aluminum zeolite (Si/Al ~ 28) displays
the higher dehydrogenation, as compared to that high silica framework zeolite (Si/Al ~ 165). This
is because the Bronsted acid of zeolite can control the dispersion resulting in the increase in the

higher active sites.
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Chapter 7
Catalytic Deoxygenation of Benzaldehyde and m-Cresol

over Ga-Modified Zeolite

7.1 Introduction

In addition to the observed high ethane dehydrogenation activity in Chapter 6, Ga
supported zeolites catalysts have been found to exhibit relatively high activity towards reactions
involving dehydrogenation of light alkanes, namely aromatization [1-6]. Various gallium species
reported in literatures [7-11] are well agreed with earlier observation in this thesis, i.e. as gallium
oxide, in aggregated form on the extemal zeolite surface or as small particles in the zeolite
micropore space, or in cationic form as oxidic GaO'" or reduced Ga' or GaH2+ species. Among
these, reduced Ga cationic species appears to be the most active center for hydrogenation/
hydrogenolysis. This can be-applied for the rare noble metal, Ga based catalyst is proposed for the
deoxygenation of oxygenated compounds in bio-oils to produce oxygen-free aromatics.

Bio-oils derived from biomass have been increasingly attractive as alternative sources of
fuels and chemicals [12-16]. This is due to an increase in petroleum prices, government
regulations on alternative energy, and commitments to greenhouse gas reduction [14,17,18].
However, the bio-oils contains various types of oxygenates that can cause problems when used as
fuels. Among these, aldehyde and carboxylic are the most unwanted components [19-21].
Deoxygenation of bio-oils not only improves its fuel properties, but also provides alternative
sources of petrochemicals [22-25].

This chapter deals with the conversion of benzaldehyde and m-cresol, the model
compounds representing aromatic aldehydes and phenolic compound in bio-oil, to oxygen-free
compounds. The deoxygenation reaction on supported gallium HZSM-5 and HBeta zeolite
catalysts using benzaldehyde and m-cresol as the model feed were highlighted. The effects of
reaction conditions such as H,, reaction temperature, and water co-feeding were investigated in a
continuous flow system. Moreover, the temperature-programmed techniques were performed to

investigate the possible reaction pathway.
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Part I : Catalytic deoxygenation of benzaldehyde over Ga-modified zeolite

7.2 Experimental details

7.2.1 Catalyst preparation and characterization

HZSM-5 (Si/Al ~ 45) samples were commercially obtained from Sud-Chemie.
Conventional impregnate of HZSM-5 with Ga(NO,), were employed to obtain 1-6 wt% Ga
loading [26,27]. The samples were then calcined at 550 °C for 4 hours in a flow of dry air.
Hereafter, the catalysts were designated as %loading-{Ga]JHZSM-5 according to their %Ga
loading. In addition, the 3[Ga]Silica (3 wt% Ga loading) was prepared by silica (Hi-Sil from
PPG) support with Ga(NO,), in order to study the effect of support influencing the formation of
Ga species.

Temperature-programmed reduction (TPR) experiments were carried out using a TCD
detector. Prior to the H-TPR, the sample was heated to 550 °C in a dry air for 1 hour (30
mL/min). Subsequently, the sample was cooled to 50 °C. The H, consumption was recorded with
temperature, when the catalyst samples were heated in a flow of 2% H,/Ar (30 mL/min) with a
heating rate of 10 °C/min to 900 °C.

Temperature-programmed desorption of i-propylamine (IPA-TPD) were used to
determine the Brensted acidity. First, 50 mg of sample was pretreated at 550 °C in a flow of He.
To study on the decrease in Bronsted acid site after [Ga]HZSM-5 reduction (red-{Ga]HZSM-5)
and the additional of Brensted acid site after [Ga]HZSM-5 steaming (st-[Ga]HZSM-5), the
[Ga]HZSM-5 was pretreated at 550 °C in a flow of H, for 2 hours and at 450 °C in a flow of 0.6%
H,O/He for 2 hours, respectively. After the treatment, the sample was cooled in He to room
temperature and then i-propylamine (IPA) was injected to the sample until saturation at 40 °C.
The excess IPA was removed by flowing He. When the constant signal was achieved, the sample
was heated to 900 °C at a rate of 10 °C/min. The mass peaks used to identify the various
desorption products in IPA-TPD are as follows: i-propylamine (m/z = 44), propylene (m/z = 41),
and ammonia (m/z = 17). The amount of desorbed IPA was simultaneously calibrated with 2 mL
pulses of 2% propylene in He and the Bronsted acidity was then calculated [28].

H,/D, exchange was studied using an MS detector. The catalyst sample was heated in a

flow of H, (m/z = 2) at 450-550 °C and then consecutive 2 mL pulses of pure deuterium, D, (m/z =
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4), were injected to the sample. The mass peaks were monitored to determine the reactant fed and

the formation of H-D (m/z = 3).

7.2.2 Temperature-programmed desorption (TPD) of benzaldehyde

The evolution of pre-adsorbed benzaldehyde over modified HZSM-5 catalysts was
followed by TPD. Before adsorption the sample (50 mg) were dried in a flow of He (or H,) at 550
°C for 2 hours. Adsorption of benzaldehyde until saturation took place at 180 °C, the sample was
flushéd with He (or H,) at the same temperature for 3 hours. TPD measurements were done from
180 to 900 °C with a heating rate of 10 °C/min using He (or H,) as the carrier gas. The masses
(m/z) of 15, 18, 28, 77, 91, and 105 were monitored to determine the methane, water, carbon

monoxide, benzene, toluene, and benzaldehyde, respectively.

7.2.3 Benzaldehyde pulise reaction

The procedure for the benzaldehyde pulse reaction studies was as follows; 50 mg of
catalyst was pretreated in a flow of He or H, (30 mL/min). After the pretreatment, 1 microliter of
pure liquid benzaldehyde was injected to the pretreated catalyst to obtain its initial
activity/selectivity. This procedure was repeated to obtain the benzaldehyde conversion at the
different reaction temperature. The products of the pulse reaction were analyzed by the MS

detector, in a manner similar to that benzaldehyde TPD section.

7.2.4 Catalytic activity measurements for the deoxygenation of benzaldehyde

Catalytic testing of benzaldehyde conversion was performed with a continuous fixed bed
reactor. Saturated vapor of benzaldehyde at 20 °C was carried by He (or H,) at 30 mL/min
regulated by a mass flow controller. The catalyst bed was set in a quartz tube reactor that was
located inside a temperature-regulated furnace. The products were periodically collected and
analyzed by an on-line gas chromatograph equipped with a flame ionization detector (FID) and
HP-5 capillary column (Appendix B). The preferred reaction conditions used in the experiments
were as follows; temperature, 400-550 °C; total pressure, 1 atm; carrier gas, He or H,; W/F, 25-
150 g-h/mol. To investigate the effect of water co-feeding, water was continuously fed through
the sample bed at a flow rate of 0.034 mL/min using a syringe pump then mixed with the

benzaldehyde feed.
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7.3 Results and discussion

7.3.1 Catalyst characterization

The characteristics of the catalyst samples including Si/Al ratio of the host zeolite, % Ga

loading, and BET surface area are shown in Table 7.1.

Table 7.1 Chemical composition and surface area of catalyst samples.

Catalyst Si/Al Ga content’ '(wt%) : Sl.{rface area (mz/g)
HZSM-5 45 - 545
1[Ga]HZSM-5 45 0.9 520
3[Ga]HZSM-5 45 2.8 510
6][Ga]JHZSM-5 45 5.8 500
3[GaSilica ND 2.9 ' 370

~

* Elemental analysis for Si, Al, and Ga were performed using ICP.

Figure 7.1 shows the TPR curves observed for the calcined catalyst samples.
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Figure 7.1  TPR profiles of (a) 1[{Ga]HZSM-5, (b) 3[Ga]JHZSM-5, (c) 6[Ga]JHZSM-5,

(d) 3[Ga]Silica, and e) comparison data of Ga supported catalyst.

With the Gaussian deconvolution, three major peaks are observed on the Ga supported

zeolite and the H, consumption for each reduction peak are summarized in Table 7.2.

Table 7.2 Summary of the temperature reduction and H, consumption.

Temperature (C) % Area of H, consumption H,/Ga,0,
Catalyst
T, T, T, A, A, A, (mol ratio)
1[{Ga]HZSM-5 553 602 706 43 26 31 1.25
3[Ga]HZSM-5 566 660 761 32 51 17 0.61
6{Ga]HZSM-5 570 760 838 9 53 .38 0.43

3[Ga]Silica ND ND 820 0 0 100 ) 0.13
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In the case of low % Ga loading (1 and 3[Ga]HZSM-5), the T, (~ 550-560 °C) and T, (~
600-660 °C) peak were assigned to the reduction of well-dispersed Ga species such as small
Ga,0, particles or GaO' species interacting with the zeolite. While, the T, (~ 700-760 °C) peak
was attributed to large, bulk Ga,O, particles separated from or loosely support on the zeolite
matrix [29]. By increasing Ga content up to 6 wt%, the T, and T, shift to higher temperatures.
This indicates that the incorporated Ga species can be agglomerated into a larger Ga,O, cluster,
particularly on the outer surface of ZSM-S. This is due to a relatively weaker interaction of the
incorporated Ga species with a framework having limited Al content (Si/Al = 45). This is
consistent with the TPR curve of 3[Ga]Silica indicates that a well-dispersion cannot be obtained
over the support without uniform pore system and adequate high activity acid site. Hence, the
3[Ga]Silica TPR curve displays only one peak of larger gallium oxide particles at relatively high
reduction temperature (Figure 7.1d).

From Table 7.2, the highest extent of H, consumption (H,/Ga,0,) can be obtained over
1{Ga]JHZSM-5 and this decreases with an increase in Ga loading, in consistent with Kwak’s
report [5]. The relatively lower reduction extent can be explained by the incomplete reduction of
bulk Ga,0, cluster [30,31]. Accordingly, a high % H, consumption of well-dispersed Ga species
in 1[Ga]JHZSM-5 (A,-A,) was particularly observed for highly dispersed Ga species at low
reduction temperature.

The acidity of Ga-modified HZSM-5 catalysts after H, reduction was determined by IPA-

TPD method [28] and the results were shown in Figure 7.2.
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Figure 7.2 IPA-TPD of (a) HZSM-5, (b) red-1[Ga]JHZSM-5", (c) red-3{Ga]HZSM-5,
(d) 3[GaJHZSM-5", and (e) st-3[Ga]HZSM-5".

? The Ga supported zeolite was firstly reduced with H, at 550 °C for 2 hours.

* The Ga supported zeolite was firstly treated with He at 550 °C for 2 hours.

° The Ga supported zeolite was firstly treated with steam at 450 °C for 2 hours.

It was found that the Hofmann degradation of i-propylamine to ammonia and propylene
take places over HZSM-5 at ~350 °C. The number of bridgingly Brensted acid site (=Si-OH-Al=)

can be calculated and shown in Table 7.3.



115

Table 7.3 Acidity of various catalysts’.

Acidity of catalyst' (micromol/g)

Catalyst High activity Low activity
Total acidity
acid sites acid sites
HZSM-5 315 0 315 (330"
3[Ga]HZSM-5 305 0 305
red-1[Ga]JHZSM-5 149 31 180
red-3[Ga]JHZSM-5 91 64 155
st-3[Ga]JHZSM-5 377 0 377

* The data were summarized from IPA-TPD curves.

® Theoretical acidity calculated from Si/Al ratio.

The TPR and IPA-TPD studies (Figure 7.1 and 7.2) provide some insight into the
chemistry of zeolite-Ga species for formation of the reduced Ga species under H, treatment. The
reduction of octahedrally coordination Ga,O, (Ga™" ions) would lead to the formation of reduced

univalent Ga' ions which can replace with acidic protons (Eq. (1)-(2)) [1, 9,32,33].

Ga0,+2H, — Ga,0+2H,0 Eq. (1)
Ga,0+2ZH ——>» 2ZGa +H,0 Eq. (2)

where Z represents the negative framework charge of zeolite.

This suggestion is evidenced by the H, consumption (Figure 7.1 and Table 7.2) andf
decrease in Bronsted acid site in the order of 3[Ga]HZSM-5 < 1[{GaJHZSM-5 < HZSM-5 (Figure
7.2 and Table 7.3) when the [Ga]JHZSM-5 is reduced. The Ga cationic species (Ga') would be
formed over the exchangeable sites.

In addition to a decreased number of sites with high activity acid sites, an introduction of
Ga content into zeolite can provide the additional acid sites with relatively lower activity (> 400
°C) when treatment with H,. This signal may well be assigned to GaOH species which has been
previously observed by FTIR after reduction of [Ga]HZSM-5 in H, [11,34]. Accordingly, no
signal at > 400 °C can be observed over 3[Ga]JHZSM-5 treated with He [35]. As the Ga content is
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increased, such additional weak acid sites are also increased together with the reduction of strong
acid sites.

However,. only a slightly reduction of bridgingly Bronsted acid site can be observed
(Figure 7.2 and Table 7.3), when the catalyst was calcined and only treated with He, This
suggests that the incorporated Ga are mostly retained as isolated oxide forms (ie. Ga,0,).
Accordingly, the acidity of the 3[Ga]HZSM-5 can be pronounced with a similar extent as
observed over HZSM-5 (Table 7.3). Alternatively, several. reports [29,32] suggest that, when
soluble Ga species is incorporated into HZSM-5, Ga(OH)z+ is primarily exchanged into the
negative framework of ZSM-5. Such species can dehydrate to form GaO" at high temperature

[36].

Ga(OH), — GaO +H,0 Eq. (3)

The GaO' would be dispersed over the exchangeable sites in the framework leading to
the decrease in Bransted acid.

When the Ga containing zeolite was subjected to steaming (st-3[Ga]JHZSM-5), the
Brensted acid site is markedly increased (Figure 7.2€), as compared to that of HZSM-5. This is
consistent with our previous works [37] that under hydrothermal treatment, the incorporated Ga
species can be inserted into the framework possibly by reaction with the defect silanols of the
framework. This would lead to an additional Brensted acid sites, as evidenced by solid state 'H-

NMRK and FTIR in Chapter 5.

GaO'+H,0 — GaO(OH)+H Eq. (4)

It is suggested that such GaO(OH) species [38] can be incorporated in the framework by
the reaction with available defect silanols, forming additional Brasted acid sites (=Ga-OH-Si=)

[(371.

GaO(OH) + 4 (=Si-OH) —— GaH(OSi=), +2H,0 Eq. (5)
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7.3.2 Effect of W/F
The product distribution from benzaldehyde conversion on 3[Ga]HZSM-5 at 500 °C is

shown in Figure 7.3 as a function of space times (W/F).
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Figure 7.3  The effect of W/F.

Reaction conditions: Catalyst = 3[GaJHZSM-5, W/F = 25-150 g *h/mol, Reaction temperature =

500 °C, Carrier gas = H,, Pressure = 1 atm.

It is clearly seen from the Figure 7.3 that benzaldehyde can be converted to benzene,
toluene, and methane over 3[GaJHZSM-5 catalyst under H, stream. The major products, namely
benzene and toluene are expected products from decarbonylation and hydrogenation/
hydrogenolysis of benzaldehyde, respectively. The observed increase in benzene and toluene with
low space time (W/F) < 100 g-h/mol, suggests that the formation of benzene and toluene are in
parallel. The fact that toluene is highly produced over this catalyst suggested that the
hydrogenation/hydrogenolysis of benzaldehyde is preferably promoted over Ga containing
zeolite. The formation of methane is derived by the side reaction of toluene hydrodealkylation.

This is generally observed over the metal-modified acid zeolite [39,40].



118

H Reduced Ga species

—_—
H,

+ CH,

At relatively higher W/F (> 100 g*lvmol), xylenes and high molecular weight oxygenated
compounds can also be observed (Figure 7.3). Xylenes were possibly derived from the toluene
disproportionation. While the oxygenates can be generated from the secondary reaction of
benzaldehyde with the decarbonylated/hydrogenolysed species.

It is suggested that the hydrogenation/hydrogenolysis activity is promoted over the
reduced Ga species (Ga'/GaH,') generated after the H, treatment. After the formation of Ga' by
H, reduction, such Ga ions can further chemisorb molecular H, resulting in the formation of

gallium dihydrides (GaH,") [29, 32, 41, 42].
ZGa'+H, —— ZGaH,’ Eq. (6)

The existence of the GaHz+ species is in good agreement with the previously observed
adsorption band at ~ 2040 cm’ [11]. Since the hydride transfer play an important role in the
formation of toluene. It is believed that H, not only keeps Ga species in its reduced forms but H,
can also preserve Ga1~12+ species.

The evidence supported the hydrogenation/hydrogenolysis activity of GaHz+ was shown

in Figure 7.4 and Table 7.4.
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Figure 7.4  H,/D, exchange over () HZSM-5 and (b) 3[Ga]HZSM-5 at 550 °C.

The signal of H-D and D-D were obtained by detect m/z = 3 and 4, respectively.

Table 7.4 Activity of H,/D, exchange of various catalysts.

Type of catalyst Temperature ('C) Area ratio of H-D/D-D
450 3.18
HZSM-5 500 3.33
550 3.44
450 3.52
3[Ga]HZSM-5 500 4.00
550 422

H,/D, exchange to form H-D (m/z = 3) can be promoted over both HZSM-5 and
3[Ga]JHZSM-5. The activity was also increased with temperature. It is clearly seen that
3[Ga]JHZSM-5 exhibits a higher activity for H,/D, exchange for all temperature, as compared to
HZSM-5. This suggests that, in addition to the acid-catalyzed H,/D, exchange,
hydrogenation/hydrogenolysis can be readily promoted over 3[Ga]HZSM-5.

The GaHz+ species which is presumably generated by the interaction of reduced Ga'
species with H, (Eq. (6)), is suggested to be an active species for H,/D, exchange process. This
process involved the formation of the stable intermediate Z(D)(Ga(H,)(D)) was proposed by

Gonzales [43].



120

ZGa(H,)+D, T=——2 Z(D)Ga(H,)D)) Eq. (7)
Z(D)(Ga(H,)D)) ——> ZGa(H)D)+HD Eq. (8)

D, molecule can dissociate to two D atoms; one interacts with the Z'GaHz+ site, the other

is bonded to an O atom in the zeolite framework.

D
H H H / H D
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\a/ D D " \a/ H D
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Si/ \Al/ \Si Si \Al/ \Si Si/ \AI/ \Si

o---_
o
O----0

O--m-
O----63

~

However, it is important to note that the observed H,/D, exchanged activity over HZSM-
5 does not derive from the dissociative adsorption of H,/D, and consecutive recombination of the
adsorbed H/D species. It is known that, over HZSM-5, the D, can adsorb on the Bronsted acid site
by interacting with both acidic proton and the countered framework oxygen. The formation of H-
D-D triad (three centers-two electrons) is proposed [43] for the transition state of H-D formation,

in a manner similar to H, transfer mechanism.

H* D—D H’ g \l?
o — L0
Si/ \Al \Si Si/ \Al
D~‘s
1;1/ “p H—D D*
Uty
Si/ \Al \Si Si/ \Al \Si

From the above results, it can be suggested that the GaH; formed by H, chemisorption
can promote dihydride to the carbonyl group of benzaldehyde leading to the benzyl alcohol which

can readily hydrogenolyse to form toluene and water.

H H
I I H, H,0 +
o=—C o~ ne—C
H H H H H H
~cg~ H, ~gg~ H; ~Gg~
] ————
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The formation of water together with toluene can be evidenced by the benzaldehyde-TPD

(Figure 7.5).
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Figure 7.5 Benzaldehyde-TPD of 3[GaJHZSM-5 treated with H, and run TPD under H,.

7.3.3 Effect of Ga and type of carrier gas
When the Ga in 3[Ga]JHZSM-5 is primarily reduced, the benzaldehyde conversion under
He stream still provides small amount of toluene (15.89 % selectivity) at initial state. After that
only 100 % selectivity of benzene is obtained for the rest of time on stream (41.72 % conversion).
This is consistent with the benzaldehyde-TPD over 3{Ga]JHZSM-5 treated with H, and

then carried out the TPD under He stream (Figure 7.6).
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Figure 7.6  Benzaldehyde-TPD of 3[Ga]HZSM-5 treated with H, and run TPD under He.
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It can be seen that benzene is mainly evolved in this test. Since the hydrogenation/
hydrogenolysis reaction require H, for toluene production, such reactions were diminished
without H,. Although the benzaldehyde conversion was carried out under He stream, the retained
reduced Ga species still promote hydrogenation/hydrogenolysis giving toluene yield at initial
state. It is suggested that the retained reduced Ga species can readily chemisorbed hydrogen,
presumably GaH;. Such Ga species can promote dihydride to carbonyl group of benzaldehyde, as
discussed earlier. However, the lower toluene yield can be obtained over reduced 3{Ga]JHZSM-5
under He stream, as compared to the reaction using H, gas. Consistent with Kazansky et. al. [11]
reported that GaH2+ species are relatively stable and decompose only partially in the system
without H,. If the decomposition can readily take place at the reaction temperature, this is may
well support the decrease in catalytic activity for hydrogenation/hydrogenolysis under He stream.

Supporting with this view, only benzene yield can be observed (Table 7.5) over non-

reduced 3[Ga]HZSM-5 under He stream.

Table 7.5 Effect of Ga and type of carrier gas.

Type of ' Temperature  Carrier Product distribution (% yield)
_ . % Conversion
catalysts ) gas Benzene  toluene  Methane
H He 56.32 56.32 0.00 0.00
450 .
ZSM-5 H, 54.23 54.23 0.00 0.00
3[Ga]H He 55.80 55.80 0.00 0.00
450
ZSM-5 H, 58.20 19.95 36.40 1.85
3[Ga]H He 69.07 69.07 0.00 0.00
500
ZSM-5 H, 70.22 20.42 43.71 6.09

Reaction conditions: Catalysts = HZSM-5 and 3[Ga]JHZSM-5, W/F = 100 g-h/mol, Reaction

temperature = 450 and 500 °C, Carrier gas = He and H,, Pressure = 1 atm.

Although the Ga is present in the catalyst, the reaction of benzaldehyde over
3[GalHZSM-5 using He as a carrier gas, yields only benzene. This is presumably because the
active Ga species, responsible for hydrogenation/hydrogenolysis activity may not exist in the

[Ga]ZSM-5 treated with He. With the IPA-TPD results (Figure 7.2), 3[Ga]HZSM-5 treated with
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He exhibits a similar acidity to HZSM-5 (Table 7.3). Accordingly, only decarbonylation activity
can be obtained from this catalyst.

From the above results, it is concluded that the active species, which can promote the
hydrogenation/hydrogenolysis forming toluene is the GaH; species. The lack of reducing gas
(H,), the Ga oxide species cannot promote the hydrogenation/hydrogenolysis. The Brensted acid

site plays important role to promote decarbonylation activity giving more benzene yield.

7.3.4 Effect of Ga content
To confirm the catalytic activity of the incorporated Ga species, the effect of Ga content

was investigated (Figure 7.7).

—&— % Conversion

—o— % Y of benzene
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§|—v— %Y of methane

—4—%Y of xylene

80 4| —P— % Y of oxygenated compounds

% Conversion and % Yield of product

% Gallium loading (wt%) on HZSM-5

Figure 7.7  The effect of Ga content.

Reaction conditions: W/F = 100 g h/mol, Reaction temperature = 500 °C. Carrier gas = H,

Pressure = 1 atm.

From Figure 7.7, it is clearly seen that the increase in Ga content can especially convert
benzaldehyde to form toluene. This is due to the increase in hydrogenation/hydrogenolysis
activity provided by the incorporated Ga species. However, the decrease in toluene yield, along
with an increase in high MW oxygenates can be observed over 6[Ga]JHZSM-5. This is
presumably explained that, as toluene would be largely produced, the catalyst can promote the

secondary reaction of toluene with benzaldehyde to form high MW oxygenates.
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o) 0
H  6[GaJHZSM-5 H
+ _—

This suggestion is confirmed by the reaction of benzaldehyde/toluene, co-feeding over
Ga-modified HZSM-5 catalyst (not shown). As expected, the relatively higher yield of high MW
oxygenates was obtained. In addition, the xylene and oxygenated compounds generated at high
W/F (Figure 7.3) and high Ga content (Figure 7.7) are presumably due to toluene

disproportionation and alkylation of hydrogenolysed products, respectively.

©/ ©/ 6[GaJHZSM-5 ©/ O
+ —_— l +
X

From the above results (Table 7.5), benzene formation is derived not only from the
toluene hydrodealkylation, but also from the benzaldehyde decarbonylation. This is evidenced by
the benzene/methane ratio. It is suggested that the benzene formation is promoted over the

Brensted acid site of 3[Ga]HZSM-5 by decarbonylation.

o)
y Reduced Ga species
R .
H;

H, | -CH,

-CO

Strong Brensted acid sites

To confirm the decarbonylation activity promoted by Brensted acid site, the

benzaldehyde conversion over HZSM-5 was carried out. The Bronsted acid site of HZSM-5
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provides the only yield of benzene (Table 7.5). Moreover, it can be seen that the presence of H,
does not significantly affect the activity of HZSM-5. The result suggests that the decarbonylation
does not require H, gas, as benzene can be largely produced in the reaction using He as carrier
gas. It is likely that the Bronsted acid is responsible for decarbonylation of these catalysts, as no
conversion of benzaldehyde can be obtained over NaZSM-5 (not shown).

Further evidences supporting the formation of benzene were studied using benzaldehyde-

TPD (Figure 7.8).
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Figure 7.8  Benzaldehyde-TPD of 3{Ga]HZSM-5 treated with He and run TPD under He.

From Figure 7.8, it is clearly seen that benzaldehyde can be converted to benzene
together with CO. It is proposed that benzaldehyde is strongly adsorbed on the Bronsted acid site
leading to the protonation of the conjugated 7-electron in aromatic. Consequently, the weakening

of €-C bond of aromatic-carbonyl group results in the decarbonylation to form benzene and CO.

]
' ——-
]

A\ NP
/ C—Q C_® co +
; T o D
/é’\ /O\ /(:)\ /(:’\ 6 _°
Si Al Si Si Al Si Si/ \Al \Si
The role of Broensted acid site on benzene formation was further supported by the
benzaldehyde conversion over 3[Ga]JHZSM-5 treated with H, and then run the benzaldehyde

conversion under He stream (Figure 7.9).
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Figure 7.9  The effect of pre-treatment.
Reaction conditions: Catalysts = HZSM-5, 3[GaJHZSM-5, and red-3[GaJHZSM-5 (red-
3[GaJHZSM-5 was treated with H, at 550 °C for 2 hours and then cool down to 500 °C under He

gas), W/F = 100 g *h/mol, Reaction temperature = 500 °C, Carrier gas = He, Pressure = 1 atm.

As expected, the relatively low yield of benzene over treated catalyst with H, (red-
3[Ga]HZSM-5) was obtained, as compared to HZSM-5 and 3[Ga]HZSM-5 treated with He. This
is because the reduction of Ga leads to the formation of Ga cationic species which can replace the
Bronsted acid site resulting in the decrease in acidity, as discussed earlier.

From the above results, it can be concluded that the formation of benzene depends
largely on the number of acid sites which promotes direct decarbonylation. To prove this
suggestion, the rate of benzene formation was plot with both number of high activity acid sites

and total acid sites (Figure 7.10), as calculated from IPA-TPD (Table 7.3).
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Figure 7.10 Plot of rate of benzene formation versus number of acid sites.
Reaction conditions: Catalysts = HZSM-5, 1[{Ga]HZSM-5, and 3[Ga]HZSM-5, W/F = 100

g *h/mol, Reaction temperature = 500 °C, Carrier gas = H, Pressure = 1 atm.

It was also found that only the plot of benzene formation versus with high activity acid
sites provide the linear graph. It is evidenced that the high activity of Brensted acid site can
promote direct decarbonylation of benzaldehyde to form benzene. This shall not be the case of
lower activity acid sites of GaOH species. The obtained linear plot could be confirmed the rate of
benzene formation is proportional with the concentration of high activity acid sites implying a
direct decarbonylation mechanism.

Regarding to the benzaldehyde conversion under H, stream, HZSM-5 cannot generate the
high toluene yield (Table 7.5) though HZSM-5 can facilitate H,/D, exchange (Table 7.4). This is
due to the fact that HZSM-5 cannot dissociate H, molecule to form 2 H atoms which readily
hydrogenate to unsaturated bond [43]. But it can only provide H, exchange by adsorbed species
on the Bronsted acid site and the O atoms of the zeolite framework. The formation of H-D-D

triad is proposed for the transition state.

ZH +D, T—2 ZD +HD Eq. (9)
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7.3.5 Effect of temperature
It is known that the hydrogenolysis/decarbonylation activity is thermodynamically
favored at high reaction temperature. Consequently, the increase in reaction temperature may

largely affect the benzaldehyde conversion to toluene and benzene.
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Figure 7.11 The effect of temperature with selectivity of product over (a) HZSM-5 and
(b) 3[GaJHZSM-5.
Reaction conditions: Catalysts = HZSM-5 and 3[Ga]JHZSM-5, W/F = 100 g-h/mol, Reaction

temperature = 400-550 °C, Carrier gas = H,, Pressure = I atm.



129

From Figure 7.11, it was clearly observed that an increase in reaction temperature can

dramatically increase the benzaldehyde conversion over 3[GaJHZSM-S5. It is also found that the

selectivity of toluene and methane are especially increased with temperature and vice versa for

the benzene. This is due to the increase in both rate of hydrogenolysis and hydrodealkylation

which are favored at high reaction temperature. While, the small amount of toluene observed over

HZSM-5 at the high reaction temperature is presumably due to H, transfer of the carbocation

intermediates when the temperature was increased. This is consistent with an increase in H,/D,

exchange with temperature (Table 7.4).

In a support manner, benzaldehyde-pulsed reaction (Figure 7.12) reveals that an increase

in reaction temperature can increase the hydrogenolysis/decarbonylation activity leading to the

high yield of toluene and benzene. Moreover, the formation of water and CO can also be

observed.
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Figure 7.12 Benzaldehyde-pulsed reaction over 3{Ga]HZSM-5 under H, at (a) 450 °C,
(b) 500 °C, and (c) 550 °C.

Although the benzaldehyde-pulsed reaction was carried out under He stream, the retained
reduced Ga species (Ga+/GaH2+) after reduction still promote hydrogenation/hydrogenolysis
giving toluene as shown in Figure 7.13. However, the lower toluene yield can be obtained over
reduced 3[Ga]HZSM-5 under He stream. While the Bronsted acid sites play important role for

decarbonylation providing high benzene yield with rise in reaction temperature.
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Figure 7.13 Benzaldehyde-pulsed reaction over reduced 3{Ga]HZSM-5 under He at (a) 450 °C,

(b) 500 °C, and (c) 550 °C.

7.3.6 Effect of support

In addition, the zeolites support plays a marked role in preserve the incorporated reduced

Ga species. Therefore, in this section, further evidence for the influence of the zeolite support on

the catalytic activity of the incorporated Ga catalyst is provided.
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Table 7.6 The effect of support.

Product Type of catalyst
distribution 3[Ga]Silica 3[Ga]HZSM-5 3|Ga]JHZSM-5

W/F (g-h/mol) 100 100 20

Temperature ("'C) 550 550 500

% Conversion 20.22 97.50 22.25
% Y of methane 0.00 891 2.00
% Y of benzene 6.10 24.21 7.46
% Y of toluene 14.12 64.37 12.79
% S of methane 0.00 9.14 8.99
% S of benzene 30.17 2483 33.53
% S of toluene 69.83 66.03 57.48

Reaction conditions: Catalyst treated with H, at 500-550 °C for 2 hours, W/F = 20-100 g-h/mol,

Reaction temperature = 550 °C, Carrier gas = H,, Pressure = 1 atm.

From the Table 7.6, a low benzaldehyde conversion was obtained over 3[Ga]Silica, as
compared to 3[Ga]JHZSM-5 using the same reaction condition. This is presumably because silica
support possesses much lower activity acid site, as compared to bridgingly Brensted acid sites of
zeolite. In addition, the non-uniform pore system of silica may not provide well-dispersed Ga
active sites and inactive Ga species may well form over this catalyst. This is in consistent with the
observed high reduction temperature of Ga species by TPR (Figure 7.1d).

The 3[Ga]Silica provides the relatively lower yield of toluene (Table 7.6). This is
presumably because there is no the Ga cationic species in this catalyst. The silica support
possesses the non-uniform pore size and no negatively framework charge. Consequently, such
silica support cannot produce the well-dispersion of Ga species leading to the agglomeration of
bulk Ga,0,, as evidenced by H,-TPR (Figure 7.1d). It is presumably suggested that observed
activity of 3[Ga]Silica derives from the interaction of H, with gallia surfaces. Two different types
of dissociative H, species; (i) homolytic dissociative adsorption to form Ga-H species and (ii)

heterolytic dissociative adsorption to form Ga-OH and Ga-H, have been reported [44-46].
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2Ga + H, 2 Ga

H H

Ga—O0—Ga + H, Ga + Ga—O

It is concluded that only some part of gallia can be reduced (Figure 7.1d), hence, the

lower activity is obtained over this catalyst.

7.3.7 Effect of water co-feeding

Since water was always present in pyrolysis bio-oil [47,48], the effect of water co-

feeding was studied and the results were shown in Table 7.7.

Table 7.7 Effect of water co-feeding.

Product distribution (% yield)

Catalyst Carrier gas % Conversion
Benzene Toluene Methane
He 56.32 56.32 0.00 0.00
HZSM-5
He + water 51.14 51.14 0.00 0.00
He 55.80 55.80 0.00 0.00
3[GalHZSM-5
He + water 67.52 67.52 0.00 0.00
H, 58.20 19.95 36.40 1.85
3[GalHZSM-5
H, + water 65.19 46.94 18.24 0.00

Reaction conditions: Catalysts = HZSM-5 and 3[Ga]JHZSM-5, W/F = 100 g-h/mol, Reaction

temperature = 450 °C, Carrier gas = He and H,, Pressure = 1 atm.

It was found that the conversion of benzaldehyde over HZSM-5 slightly decreases with
rise in water content. It indicates that water, which is present as co-feed, can inhibit
decarbonylation of benzaldehyde presumably by competitive adsorption over the acid sites.

A significant change in catalytic activity of Ga-modified HZSM-5 can be observed in the

reaction of benzaldehyde with water co-feeding (Table 7.7). An increase in benzene yield with
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rise in water content can be observed over 3[Ga]HZSM-5 when using He as carrier (Table 7.7).
This is presumably due to the enhanced acidity of 3[Ga]HZSM-5, as evidenced by IPA-TPD
(Table 7.3). It expresses that the presence of water can generate the additional new acid sites in
3[Ga]JHZSM-5 which can retain at high temperature.

This shall not be the case of HZSM-5. The water which is present as co-feed, can
competitively adsorb over the acid sites leading to the low decarbonylation of benzaldehyde.
Using 3[{Ga]HZSM-5 as catalyst under H, (Table 7.7), yield of toluene is relatively low when
water is present in the feed (Figure 7.14). This suggests that water may well alter the Ga species,

causing a reduced the hydrogenation/hydrogenolysis activity of 3[Ga]JHZSM-5 [49,50].
Ga' +HO — GaO +H, Eq. (10)
The incorporated Ga species can be interacted with water forming GaO(OH) (Eq. (5)). It

is interesting to note that this activity can be recovered after water is withdrawn from the reaction

stream (Figure 7.14), suggesting that the mediating effect of water is reversible.
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Figure 7.14 The effect of water co-feeding (a) without water and (b) with and without water.

Reaction conditions: Catalyst = 3[Ga]HZSM-5, W/F = 100 g *h/mol, Reaction temperature = 450
°C, Carrier gas = H,, Pressure = 1 atm. Water was firstly injected for treating catalyst and
running benzaldehyde conversion (initial-6 hours). Then the feeding of water was stopped until 9

hours on stream and feeding again.

The water can interact with most of Ga cationic species to form the additional of
Bronsted acid site, as discussed earlier. This leads to the high benzaldehyde conversion to
benzene. It is suggested that the decrease in yield of toluene would be predominantly derived
from the decrease in GaHz+ species. Since there is water in the reaction, reduced Ga species can
be diminished. The observed hydrogenation/hydrogenolysis to produce toluene would be derived
from the retained Ga' and GaHz+ in the catalyst. These results indicated very significantly that the
catalytic behavior of 3[GaJHZSM-5 can be regulated from hydrogenation/hydrogenolysis to
decarbonylation activity by the presence of water.

Interestingly, the hydrogenation/hydrogenolysis activity of 3[Ga]HZSM-5 can be
recovered when flow of water is withdrawn (Figure 7.14). This is presumably explained by the

recovery of the Ga active site (i.e. Ga' and GaH;), as shown in reversible Eq. (5) and Eq. (10).
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7.4 Conclusions

The benzaldehyde conversion over [Ga]JHZSM-5, the benzene formation was promoted
by the decarbonylation activity over Brensted acid site. While GaHz+ species generated during H,
stream, can promote hydrogenation/hydrogenolysis properties leading to toluene formation.
However, no observation of toluene yield can be obtained over [Ga]JHZSM-5 under non-reducing
atmosphere despite the catalyst is primarily reduced. This is due to the lack of GaHz+ species. The
preserice of water as co-feeding in the benzaldehyde conversion over [GaJHZSM-5 under He
stream, the relatively higher benzene yield can be obtained due to the pronounced Brensted acid
site. On the other hand, the relatively lower yield of benzene can be obtained over HZSM-5 when
water is present. In the case of benzaldehyde conversion under H, stream, water co-feeding can
diminish the GaHz+ species while the pronounced Brensted acid site leading to the lower toluene,

but higher benzene yield.



137

Part 11 : Catalytic deoxygenation of m-cresol over Ga-modified zeolite

7.5 Experimental details

7.5.1 Catalyst preparation and characterization

HBeta (Si/Al ~ 11) samples were commercially obtained from Zeolyst. Conventional
impregnation with Ga(NO,), were employed to obtain 1-6 wt% Ga loading. The samples were
then calcined at 550 °C for 4 hours in a flow of dry air. Hereafter, the catalysts were designated as
%loading-[Ga]HBeta. 3{Ga]JHZSM-5 and 3[Ga]Silica (3 wt% Ga loading) were also prepared by
impregnation of HZSM-5 (Si/Al ~ 45) and silica (Hi-Sil), respectively.

Temperature-programmed reduction (TPR) experiments, temperature-programmed
desorption of i-propylamine (IPA-TPD) and H,/D, exchange were carried out, as discussed earlier

in section 7.2.

7.5.2 Temperature-programmed desorption (TPD)

After the m-cresol conversion, the retained products on the catalyst surface were
preserved by cooling down in a flow of He to 100 °C. TPD measurements were done from 100 to
900 °C with a heating rate of 10 °C/min using H, as a carrier gas. The masses (m/z) of 15
(methane), 18 (water), 27, 29, 41, 43, 56 (hydrocarbons), 78 (benzene), 91 (toluene), 94 (phenol)

and 168, 184, 196 (bicyclic compounds) were monitored.

7.5.3 Catalytic activity measurements

Catalytic testing of m-cresol conversion was performed with a continuous fixed bed flow
reactor. Saturated vapor of m-cresol at 20 °C was carried by He (or H,) at 30 mL/min regulated by
a mass flow controller. The catalyst bed was set in a quartz tube reactor that was located inside a
temperature-regulated furnace. The products were periodically collected and analyzed by an on-
line gas chromatograph equipped with a flame ionization detector (FID) and VA-1 capillary
column (Appendix B). The preferred reaction conditions used in the experiments were as follows:

temperature, 400-550 °C; total pressure, 1 atm; carrier gas, He or Hy; W/F, 1.9-21.9 h.
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7.6 Results and discussions
The characteristics of the catalyst samples including Si/Al ratio of the host zeolite, % Ga

loading, and BET surface area are shown in Table 7.8.

Table 7.8 Chemical composition and surface area of catalyst samples.

Catalyst Si/Al Ga content’ (wt%) Surface area (mZ/g)
HBeta 11 - 615
1{Ga]HBeta 11 1.0 590
3[Ga]HBeta 11 29 580
6[Ga]HBeta 11 59 . 570
3[Ga]Silica ND 2.9 370
3[Ga]HZSM-5 45 ) 2.8 _ 510

* Elemental analysis for Si, Al, and Ga were performed using ICP.

The product distribution from the m-cresol conversion on 3[Ga]HBeta at 400 °C is shown

in Figure 7.15.
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Figure 7.15 Effect of W/F on m-cresol conversion over 3[Ga]JHBeta.
Reaction conditions: Catalyst = 3[Ga]HBeta, W/F = 1.9-21.9 h, Reaction temperature = 400 °C,

Carrier gas = H,, Pressure = | atm.
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The increase in yield of phenol and oxygenated compounds can be initially observed
when increase in W/F (1.9-6.3 h). After that (W/F = 6.3-21.9 h) the yield of phenol and
oxygenated compounds are decreased. While, the methane, C2-C6 hydrocarbons, benzene,
toluene, xylene are increased with W/F. This implies that toluene is not a primary product arising
from the direct hydrogenolysis of m-cresol. By contrast, phenol and oxygenated compounds
appears to be primarily formed in parallel. A marked drop of the oxygenated compounds as a
function of W/F indicates that these heavier compounds tend to be hydrogenolysed/decomposed
into lighter hydrocarbons as the catalyst bed increases.

Although, phenol is largely produced at low space time, the directly hydrogenolysis of m-
cresol to phenol shall not be the case. This is because methane is not proportionally produced in
this space time region (Figure 7.15). Hence, the “surface pool mechanism” is proposed. It is
expected that the m-cresol would strongly adsorb on the surface of the catalyst, initially forming
the high MW oxygenated intermediates. This is presumably proceeded by surface condensation of
the adsorbed species, in a manner similar to the intermediates of aromatic disproportionation
[51,52]. Only difference is that, in this case, oxygenated compounds are involved into the
“surface pool intermediates”. Such intermediates would be primary precursors for phenol and
oxygenated compounds. The richer carbon surface pool intermediates would be hydrogenolysed

to form light aromatics (benzene, toluene, xylene) and light hydrocarbons (C2-C6 hydrocarbons).
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A gradual decline in phenol with space time suggests that phenol may well be
consecutively converted to hydrocarbons at high W/F. Phenol may well re-adsorb in the surface
pool intermediates. This is confirmed by the phenol conversion over 3[Ga]JHBeta catalyst which
gives products similar to that observed in m-cresol conversion (benzene, toluene, xylene and

oxygenated compounds) (Figure 7.16).
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Figure 7.16 Effect of W/F on phenol conversion over 3[Ga]HBeta.

Reaction conditions: Catalyst = 3[Ga]HBeta, W/F = 9.3-139.9 g *h/mol, Reaction temperature =

400°C, Carrier gas = H, Pressure = I atm.

Supporting this suggestion, the TPD in H,, after the m-cresol conversion (Figure 7.17),
shows that significant amounts of light aromatics, namely benzene (m/z = 78), toluene (m/z = 91)
are desorbed from the 3[Ga]HBeta catalyst together with light hydrocarbons, namely methane
(m/z = 15) and other hydrocarbons (m/z = 27, 29, 41, 43, 56) at 250-450 °C. Only small signal of
high m/z fragment ion implying the bicyclic oxygenates (m/z = 168, 184, and 196) are exhibited at

the desorption peaks at 500 °C.
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Figure 7.17 TPD of 3[Ga]HBeta after m-cresol conversion at 400 °C.
The masses (m/z) of 2 (hydrogen), 15 (methane), 18 (water), 27, 29, 41, 43, 56 (hydrocarbons),
78 (benzene), 91 (1oluene), 94 (phenol) and 168, 184, 196 (bicyclic compounds) were monitored.

These signals were suggested to arise from the hydrogenolysed products of the surface
pool intermediates. This is consistent with the observed H, consumption and water production, as
shown in Figure 7.17b.

Further evidence supporting the surface pool mechanism was shown in Table 7.9.
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Table 7.9 Effect of carrier gas.

Initial 6 h on stream

Reaction condition

H, He H, He
% Conversion 84.52 74.25 79.08 37.84
% Yield
Methane 2.30 0.36 1.67 0.11
Benzene 10.67 12.89 7.33 0.88
Toluene 23.54 14.03 16.44 1.82
Xylene 10.04 2.56 6.45 0.25
Other hydrocarbons 1.87 3.37 1.36 0.68
Phenol 14.07 22.55 15.72 12.33
Oxygenated compounds 22.03 18.49 30.09 21.78
Total yield 84.52 74.25 79.08 37.84
% Selectivity
Methane 272 0.49 2.12 0.28
Benzene 12.62 17.36 9.27 2.32
Toluene 27.85 18.90 20.80 4.80
Xylene 11.88 3.45 8.16 0.67 . .
Other hydrocarbons 2.22 4.54 1.72 1.79
Phenol 16.65 30.36 19.88 32.58
Oxygenated compounds 26.06 24.90 38.06 57.56
Total selectivity 100.00  100.00 100.00 100.00
Toluene/Benzene ratio 221 1.09 2.24 2.07

Reaction conditions: Catalyst = 3[Ga]HBeta, W/F = 6.3 h, Reaction temperature = 450 °C, Carrier

gas = H, or He, Pressure = 1 atm.

It is clear that the m-cresol conversion in H, is higher than that using He as a carrier gas.
The hydrocarbon products, benzene, toluene and xylene, are dominant only in the reaction under

H, gases (Table 7.9), indicating a dramatic effect of gas-phase H, in this reaction. Moreover, the
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high toluene/benzene ratio can be obtained in H,. It indicates that, under H,, hydrogenolysis of
surface pool intermediates (Ar-OH) to form toluene is relative faster than the dealkylation of
surface pool intermediates (Ar-CH,) to form benzene.

The presence of H, also shows a marked effect on the catalyst stability (Figure 7.18). A
rapid deactivation of the catalyst is observed in the reaction without H, suggesting that the surface

pool intermediates are retained.
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Figure 7.18 Effect of carrier gas.
Reaction conditions: Catalyst = 3{Ga]HBeta, W/F = 6.3 h, Reaction temperature = 450 °C,

Carrier gas = H, or He, Pressure = 1 atm.

Without H, gas, hydrogenolysis activity is readily diminished; however, the condensation
of m-cresol to surface pool intermediates can be promoted. This allows only the decomposition of
surface pool intermediates to form phenol and oxygenated compounds and the catalyst is rapidly
deactivated. The surface pool intermediates can be removed by hydrogenolysis to lighter aromatic
products (benzene and toluene) when H, is present. Accordingly, the catalyst stability can be
readily improved only in the reaction using H, as a carrier gas.

From Table 7.10, it is clear that lower yield of oxygenated compounds but higher yield of

light aromatic can be observed when Ga content is increased.
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Supported Beta catalyst H H 1[GaJH 3[Ga]H 6[GalH
Temperature ('C) 450 400 400 400 400
% Conversion 7Q.45 55.51 70.76 70.56 71.64
% Yield

Methane 0.70 0.87 1.43 1.32 1.55
Benzene 0.80 0.68 3.24 345 6.12
Toluene 1.59 2.90 8.74 9.45 21.67
Xylene 0.54 1.38 3.56 3.20 5.40
Other hydrocarbons 245 2.83 3.75 3.30 4.80
Phenol 18.22 32.00 19.76 23.61 24.66
Oxygenated compounds 46.16 14.83 30.28 26.23 7.44
Total yield 70.45 55.51 70.76 70.56 71.64
% Selectivity

Methane . 0.99 1.58 2.02 1.87 2.17
Benzene 1.14 1.23 4.58 4.89 8.54
Toluene 2.25 5.23 12.35 13.39 30.25
Xylene 0.76 2.49 5.03 4.54 7.53
Other hydrocarbons 347 5.10 5.30 4.67 6.70
Phenol 25.86 57.65 27.93 33.45 34.42
Oxygenated compounds 65.51 26.71 42.79 37.18 10.39
Total selectivity 100.00 100.00 100.00 100.00 100.00

Reaction conditions: W/F = 6.3 h, Reaction temperature = 400 and 450 °C, Carrier gas = H,,

Pressure = 1 atm.

It indicates that the Ga active sites can catalyze hydrogenolysis of the surface pool

intermediates. Such Ga species are suggested to be the Ga species exist under H, system (GaH;),

as already discussed over [Ga]JHZSM-5 (section 6.3). TPR and [PA-TPD (Figure 7.19 and 7.20)

suggest that reduction of octahedrally coordination Ga,O, (Ga™ ions) leads to the formation of
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reduced univalent Ga' ions [1,9,33,33] which can replace with acidic protons, as discussed earlier

(Eq. (1)-(2)).
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Figure 7.19 TPR profiles of (a) 1[Ga]HBeta, (b) 3[Ga]HBeta, (c) 6[Ga]HBeta, (d) 3[Ga]HZ$M-

5, (e) 3[Ga]Silica, and (f) comparison data of Ga supported catalyst.

Figure 7.19 shows the TPR curves observed for the calcix.léd catalyst samples. With the
Gaussian deconvolution, two major peaks are observed on the Ga supported HBeta zeolite. In the
case of 1 and 3[Ga]HBeta, the low temperature peak (T,) was assigned to the reduction of well-
dispersed Ga species such as GaO' species or small Ga,0, particles interacting with the zeolite.

While, the high temperature peak (T,) peak was attributed to large, bulk Ga,O, particles separated
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from or loosely support on the zeolite matrix [29]. Consistently, the incorporated Ga species can
be agglomerated in to a larger Ga,O, cluster, particularly on the outer surface of Beta in the case
of 6[GalHBeta. The H,-TPR of 3[Ga]JHZSM-5 (Si/Al ~ 45) shows two H, consumption peaks in a
manner similar to that observed over 3[Ga]JHBeta (Si/Al ~ 11) samples. While the TPR curve of
3[Ga]Silica displays only one peak of larger gallium oxide particles at relatively high reduction
temperature.

Since the reduction of Ga,0, leads to the formation of Ga exchangeable cation (Ga+), the

Bransted acid sites of [Ga]HBeta were decreased, as evidenced by IPA-TPD (Figure 7.20).
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Figure 7.20 IPA-TPD of (a) HBeta, (b) red-1{GaJHBeta’, (c) red-3[Ga]HBeta’, and (d)
6[Ga]HBeta".

“ The Ga supported zeolite was firstly reduced with H, at 550 °C for 2 hours and then cool down
t0 40 °C under He.

The number of bridgingly Brensted acid site (=Si-OH-Al=) can be calculated and shown
in Table 7.11.
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Table 7.11 Acidity of various catalysts".

Acidity of catalyst (mmol/g)

Catalyst
High acid strength  Low acid strength Total acidity
HBeta 1.20 0 120 (1.39"
red-1[Ga]HBeta 0.94 0 0.94
red-3[Ga]HBeta 0.66 0 0.66
red-6[Ga]HBeta 0.44 0.15 0.59

® The data were summarized from IPA-TPD curves.

® Theoretical acidity calculated from Si/Al ratio.

It can be seen that a dramatic decrease in Bransted acid site in the order of 6{Ga]HBeta <
3[Ga]HBeta < 1[Ga]HBeta < HBeta was obtained when the catalyst was treated with H,. This is
consistent with the previous observation when [Ga]JHZSM-5 was reducéd (section 7.3). .

Further evidence supporting the hydrogenolysis activity of the H, chemisorbed Ga

species, GaH;, was shown by the H,/D, exchange (Table 7.12).

Table 7.12 Activity of H,/D, exchange of various catalysts.

Type of catalyst Temperature Co) Area ratio of H-D/D-D
400 12.10
450 12.43
HBeta
500 12.63
550 13.05
400 | 12.48
450 13.17
3[Ga]HBeta
500 13.98
550 14.58

It is important to note that the observed H,/D, exchange over 3[Ga]HBeta derives from

the dissociative adsorption of H,/D, and consecutive recombination of the adsorbed H-D species.
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Accordingly, the GaH; species can possibly transfer the dissociated H, to the C-C or C-O of the

surface pool intermediates and consecutively hydrogenolyse leading to the formation of light

aromatic, as discussed earlier.

It is known that the decomposition/hydrogenolysis activity is thermodynamically favored
at high reaction temperature. Consequently, the increase in reaction temperature may largely

affect the m-cresol conversion to light aromatics (Figure 7.21).
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Figure 7.21 Effect of temperature.

Reaction conditions: Catalyst = 3[Ga]JHBeta, W/F = 6.3 h, Reaction temperature = 400-550 °C,

Carrier gas = H, Pressure = 1 atm.

When the reaction temperature is increased, the higher hydrogenolysis activity giving
light aromatics can be obtained. This is consistent with an increase in H,/D, exchange with
temperature (Table 7.12). High reaction temperature can facilitate the decomposition/
hydrogenolysis of the surface pool intermediates, leaving more available active sites for
consecutive m-cresol adsorption and activation.

It is also found that the yield of light aromatics is especially increased with temperature.
This is due to the increase in rate of decomposition/hydrogenolysis which is favored at high
reaction temperature. While a marked drop of the oxygenated compounds as a function of

temperature indicates that these heavier compounds tend to be hydrogenolysed/decomposed into

lighter hydrocarbons.
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In addition, the zeolites support has shown a marked role in preserving the incorporatéd
reduced Ga species (in benzaldehyde conversion (section 7.3)). Therefore, in this section, further
evidence for the influence of the zeolite Beta support on the catalytic activity of the incorporated

Ga catalyst is also provided.

Table 7.13 Effect of supporting material.

3[Ga]H 3[Ga] 3[Ga]H H
Type of catalyst
Beta Silica ZSM-5 ZSM-5
% Conversion 82.78 4.49 40.32 41.69
% Yield
Methane 2.25 0.78 0.34 1.50
Benzene 10.45 0.15 1.24 1.24
Toluene 23.06 0.32 8.90 2.00
Xylene 9.84 0.00 0.86 0.00
Other hydrocarbons (C2-C6) 1.83 0.00 0.90 1.50
Phenol 13.78 2.82 19.91 23.90
Oxygenated compounds 21.57 0.41 8.18 11.55
Total yield 82.78 4.49 40.32 41.69
% Selectivity
Methane 2.72 17.45 0.84 3.60
Benzene 12.62 3.40 3.08 2.97
Toluene 27.85 7.19 22.06 4.80
Xylene 11.88 0.00 2.13 0.06
Other hydrocarbons (C2-C6) 2.22 0.00 2.23 3.60
‘Phenol 16.65 62.88 49.38 57.34
Oxygenated compounds 26.06 9.08 20.29 27.70
Total selectivity 100.00 100.00 100.00 100.00

Reaction conditions: Catalysts = 3[Ga]JHBeta, 3[Ga]Silica, 3[Ga]JHZSM-5, and HZSM-5, W/F =

6.3 h, Reaction temperature = 450 °C, Carrier gas = H,, Pressure = 1 atm.
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From Table 7.13, relatively lower m-cresol conversion and light aromatic (benzene,
toluene, xylene) selectivity were obtained over 3{Ga]Silica, as compared to Ga supported zeolites.
It is clear that the silica support possesses the lower acid strength, non-uniform pore size and no
negatively framework charge. Consequently, such silica support cannot facilitate the formation of
well-dispersed Ga species. Agglomeration into bulk Ga,0, is expected in 3[Ga]Silica, as
evidenced by H,-TPR (Figure 7.19). Despite, the same Ga content is obtained over 3[Ga]Silica
catalyst, toluene yield is exceedingly low (Table 7.13). This is presumably because Ga cationic
species cannot be formed in this catalyst, due to the lack of high strength of Bronsted acid site and
negative framework charge. However, it is suggested that the observed catalytic activity of
3[GalSilica is derived from the interaction of H, with gallia (Ga,0,) surfaces. It is reported that
H, can dissociate over Ga,0, surfaces either (i) as homolytic dissociative adsorption to form Ga-
H species or (ii) as heterolytic dissociative adsorption to form Ga-OH and Ga-H [44-46).
- However, there is relatAively less available active Ga species in 3[Ga]Silica, as evidenced by a
relatively low H, consumption at relatively high reduction temperature in TPR (Figure 7.19).
Therefore, the lower activity can be obtained from this catalyst.

Regarding to the selectivity of oxygenated compounds, 3[GalSilica provides an
excgedingly low selectivity of oxygenated compounds, as compared to 3[Ga]HBeta (Table 7.13).
In addition, the relatively higher phenol and methane selectivity are obtained over 3[Ga]Silica
catalyst. It is presumably explained that the surface pool intermediates cannot be readily
promoted over 3[Ga]Silica catalyst due to the lack of high activity acid sites. Instead, only the
direct hydrodealkylation of m-cresol can be promoted over 3[Ga]Silica leading to the high
methane and phenol selectivity.

The 3[Ga]JHZSM-5 possesses lower catalytic activity, as compared to 3[Ga]HBeta (Table
7.13). This is clearly explained by the restrict pore size of ZSM-5 zeolite that can inhibit diffusion
of the m-cresol. Over 3[Ga]JHZSM-5, the active Ga species is also expected, in a manner similar
to that of 3[Ga]HBeta (Figure 7.19). However, diffusion of m-cresol into the pore size of
3{Ga]HZSM-5 cannot be readily facilitated due to the smaller pore size, as compared to the
kinetic diameter of m-cresol. Therefore, the relatively lower toluene yield can be obtained over
3[Ga]HZSM-5, as compared to 3[Ga]HBeta.

The observed activity of 3{Ga]JHZSM-5 zeolite may be derived from two possibilities; (i)
pore mouth catalysis over Ga active sites or (ii) isomerization of m-cresol to less restrict isomer of

cresol that can readily diffuse into pore and be activated over internal Ga active sites. If the first
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possibility (i) is the case, one could be expected a rapid deactivation of 3[Ga]JHZSM-5. This is
because the surface pool intermediates at the pore mouth would readily lead to the pore blockage.

However, only a slightly drop of catalytic activity can be obtained over 3[Ga]HZSM-5 (Figure

7.22).
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Figure 7.22 Conversion of m-cresol over 3[Ga]HZSM-5.

Reaction conditions: Catalyst = 3[Ga]HZSM-5, W/F = 6.3 h, Reaction temperature = 450 °C,

Carrier gas = H,, Pressure = | atm.

Hence, the possibility (i) is excluded. The catalytic activity of 3[Ga]HZSM-5 is
presumably explained by the isomerization of m-cresol to p-cresol over the acid sites at the pore

mouth [53-58], as observed over HZSM-5 (Table 7.13).
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HO
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Such less restricted isomers can readily diffuse into the pore of ZSM-5 and be
consecutively converted over the incorporated Ga active sites, as discussed earlier. However, the
formation of hydrogenolysed products depend largely on the rate of isomerization and diffusion.
Therefore, the lower catalytic activity was obtained over the restrict pore size of 3[Ga]JHZSM-5,
as compared to 3[GaJHBeta. Accordingly, the control by the pore-opening is one of the key
parameter for m-cresol conversion.

Although 3[Ga]JHZSM-5 provides a lower selectivity of oxygenated compounds with
higher selectivity of phenol, the directly hydrodealkylation of m-cresol to phenol shall not be the
case for 3[GaJHZSM-S. This is because methane is not proportionally produced over this catalyst
(Table 7.13). The surface pool intermediates can be readily promoted over 3[Ga]HZSM-5 catalyst
due to the high activity acid sites, as observed over HZSM-5 (Table 7.13). However, the
formation of surface pool intermediates can be diminished into the restricted pore size of ZSM-5
leading to the lower substitution of phenolic compounds. Consequently, the stronger of C-O bond
of aromatic-hydroxyl groﬁp can be obtained, as compared to the high substitution of phenolic
compounds formed into Beta zeolite. This leads to the lower activity of hydrogenolysis to cleave
Ar-OH. However, the 3[Ga]JHZSM-5 catalyst can cleave the weaker of C-C bond of aromatic-

alkyl group forming the phenol.

7.7 Conclusions

For m-cresol conversion over [Ga]HBeta, the product formation was proposed by the
hydrogenolysis and decomposition of the surface pool intermediates produced by the
condensation of m-cresol over the catalyst. The active Ga species are suggested to be the Ga
species exist under H, system (GaH;). The m-cresol firstly adsorb on the surface of the catalyst
forming the high MW oxygenated intermediates. Such intermediates can be decomposed/
hydrogenolysed over Ga active sites forming light aromatic (benzene, toluene, xylene), light
hydrocarbons (C2-C6 hydrocarbons), phenol and oxygenated compounds. Without H, gas,
Brensted sites still are active for surface pool intermediates decompostion giving mainly the
oxygenated compounds. In addition, lack of hydrogenolysis activity leads to a rapid catalyst
deactivation and a lower yield of light aromatic. On the other hand, the yield of light aromatics
can be enhanced over [Ga]HBeta by the presence of H, stream, increasing in Ga content and
reaction temperature. However, the light aromatics yield obtained over 3[Ga]Silica and

3[Ga]HZSM-5 catalyst is exceedingly low. This is because such silica support cannot facilitate
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the formation of well-dispersed Ga species leading to less available active Ga species in
3[Ga]Silica. While the diffusion of m-cresol into the pore size of 3[Ga]HZSM-5 cannot be readily

facilitated due to the restrict pore size with respected kinetic diameter of m-cresol.
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Chapter 8

Conclusions and Suggestions

8.1 Conclusions

This thesis has studied the alteration of various metal species of Ag- and Ga-incorporated
zeolite during the preparation and reaction which can readily influence with their catalytic activity
and selectivity. The Ag- and Ga-incorporated zeolites are prepared by ion exchange and
impregnation method on ZSM-5 and Beta zeolites. These modified zeolites are treated with
hydrogen or steam at various temperatures in order to investigate the alteration of metal species.

'H MAS NMR, XRD, TPR, TPHE (temperature-programmed hydrogen evolution)
techniques, and catalytic characterization by ethanol conversion were employed to investigate the
reducibility and reversible interconversion behavior of Ag species in Ag-modified HZSM-5. In
AgHZSM-5, the Si/Al ratio of the host zeolite strongly influences the reducibility of the Ag
species and the types of the reduced Ag species formed. It was found that charge-balancing Ag
cations in AgHZSM-5 (Si/Al ~ 11) and AgHZSM-5 (Si/Al ~ 28) can be readily reduced to
“‘cationic Ag clusters’’ at ~ 220 °C, while a higher temperature is required for the Ag species in
AgHZSM-5(28) to be reduced to ‘‘metallic Ag clusters’’, as compared with that for AgHZSM-
5(11). Both cationic and metallic Ag clusters formed can be reversibly conversed into charge-
balancing Ag cations by the reaction with neighboring Brensted acid sites (reversible
interconversion). The metallic Ag clusters were found to be more resistant to the reversible
interconversion, as compared to the cationic Ag clusters. It is presumed that the larger the metal
clusters, the less the reactivity with the neighboring Brensted acid sites. Metallic Ag clusters are
readily formed in a low silica sample, AgHZSM-5(11). This is due to the closely proximate sites
that allow the reduced Ag species to agglomerate into larger and more stable Ag metal clusters.
For AgHZSM-5(28), a higher silica sample, most of the reduced Ag species, formed at 425 °C,
are cationic Ag clusters with small amounts of the metallic ones. This may well be due to a better
interaction of the softer cationic Ag clusters with the soft framework of high silica zeolites. Under
hydrogen stream, the reduced Ag species could be preserved and *‘silver hydride’’ species were
observed by NMR, together with the active Bransted acid sites. This phenomenon is suggested to
play a decisive role on the catalytic activity of AgHZSM-5 towards BTX formation in the

presence/absence of hydrogen.
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Unlike AgHZSM-5, the incorporation of Ga(NO,), into HZSM-5 zeolite results in
additional Brensted acid sites evidenced by 'H MAS NMR and FTIR. Such acid sites are
proposed to arise from the incorporated Ga extra framework (GaO(OH)) and the insertion of such
species into the zeolite framework (GaOHSi) by a reaction with defect hydroxyls. These
additional Bransted acid sites are particularly formed under steaming and may well be responsible
for the change in the catalytic behaviour of [Ga]JHZSM-5 when water is present in the reaction
stream. In the reaction using ethylene as a feed, higher hydrocarbons, namely aromatics, can be
produced over ‘‘reduced Ga species’’. In contrast, the conversion of ethanol over [Ga]HZSM-5
showed an increased activity in a manner similar to that over a typical HZSM-5, but with higher
acidity. The formation of the additional acid sites is readily reversible at high temperature (> 450
°C) and hence the steam treatment can be used for re-dispersing the incorporated Ga species.

In the presence of hydrogen, various gallium species (Ga,0,, GaO', Ga', and GaH;) in
[Ga]JHZSM-5 catalyst were studied for ethane dehydrogenation by a pulsed reactor and H,-TPR.
It was found that the activity of Ga-modified HZSM-5 depends largely on the Ga species which
can be regulated by the H, treatment. Among the various Ga species, the GaH;, that is a
predominant species under the H, system, displays the highest dehydrogenation activity (~ 55 %
conversion). However, GaH; can readily decompose to Ga' under a non-reducing gas stream,
leading to a lower ethane conversion (~ 30 % conversion). While the Ga oxide species, which are
mostly retained as isolated Ga,O, and exchangeable GaO', provide low ciehydrogenation activity
(~ 25 % conversion), particularly for the bulkier Ga,O, cluster. In addition, the hydrogen and
steam treatment can facilitate the dispersion of bulk Ga,0, into an exchangeable Ga™ and GaO’,
respectively. With an increase in the Si/Al ratio of the host zeolite, the activity is decreased. This
is because the number of Brensted acid sites play an important role in determining the number of
Ga species.

From above observation, water interacts strongly with Ga species and readily modifies its
chemical natures. It is expected that oxygenated compounds would also interact well with Ga-
incorporated zeolite which may lead to its application of deoxygenating catalyst. Hence,
deoxygenation of benzaldehyde was investigated over Ga-modified ZSM-5 catalysts, as a model
for bio-oil upgrading. It was found that [Ga]JHZSM-5 catalyst, possessing Brensted acid sites, can
promote benzaldehyde decarbonylation resulting in benzene. While the Ga cationic species

generated by H, reduction can promote hydrogenation‘hydrogenolysis of benzaldehyde to
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toluene. No toluene yield can be obtained over [Ga]HZSM-5 under He stream due to the lack of
hydrogenation/hydrogenolysis activity. The presence of water as co-feeding provides the
additional acid sites that are proposed to arise from the reaction of the incorporated Ga extra-
framework with chemisorbed water (GaO(OH)) and/or defect hydroxyls of the zeolite framework
(GaOHSi). These Bronsted acid sites lead to relatively higher benzene yield, as compared to the
reaction without water. In contrast, the decrease in toluene yield can be observed due to the
deterioration of reduced Ga cationic species.

In addition to benzaldehyde, the deoxygenation of m-cresol over Ga-modified HBeta
catalysts provide further evidence for the role of Ga species and shape selectivity. In this reaction,
formation of the various products can be explained by a “surface pool” of condensation products.
The m-cresol firstly adsorb on the surface of the catalyst forming the high MW oxygenated
intermediates. Such intermediates can be decomposed/hydrogenolysed over Ga active sites
providing light aromatics (benzene, toluene, xylene), light hydrocarbons (C2-C6 hydrocarbons),
phenol and oxygenated compounds. Without H, gas, Brensted sites are still active for surface
pool intermediates decompostion giving mainly the oxygenated compounds. However, lack of
hydrogenolysis activity leads to a rapid catalyst deactivation and a lower yield of light aromatic.
On the other hand, the yield of light aromatics can be enhanced by the presence of H, stream,
increasing in Ga content and reaction temperature. The light aromatics yield obtained over
3[Ga]Silica catalyst is exceedingly low. This is because such silica support cannot facilitate the
formation of well-dispersed Ga species leading to less available active Ga species in 3[Ga]Silica.
While the low yield of light aromatics obtained over 3[Ga]HZSM-5 was described by shape
selectivity due to the restrict pore size, with respect to the kinetic diameter of m-cresol.

Finally, the state of the art of various metal species in zeolite leading to an efficiency for
heterogeneous catalysis is now well advanced. The various metal species can occasionally be
obtained from incorporated counter-ions or metal oxides that located within the intra-framework
zeolite cavities during the post-synthesis step. Such metal species can be achieved either by a
control of treatment (steaming or reduction) or by a reaction condition with the feed stream. The
microstructure of metal surface evolved during the treatment and/or reaction is due to changes in_
the local atomic arrangement at the surface (dispersion and/or agglomeration of cluster
precursors). Such metal species may well be stabilized by appropriate neighboring-metal (i.e.

Agn+, Ag,), molecular ligand (i.e. Ag-H, GaH;, GaO(OH), GaO") and/or zeolite framework with
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different Si/Al ratio and topology. Such different metal species can affect adsorption and activity

of reactants and also catalytic intermediates and products selectivity.

8.2 Suggestions

1.

The Si/Al ratio of the host zeolite strongly influences the reducibility of the Ag species and
the types of the reduced Ag species formed. The enhancement of ethanol conversion only
occurs over the Ag-modified zeolite in which Brensted acid sites can be recovered bearing
metallic Ag cluster after H, reduction. The Si/Al ratio of the zeolites would ﬁlay a marked
role in hosting, retaining and even altering the incorporated Ag species. A specified catalysis
of Ag-modified zeolites for the various types of reactions such as photo-dimerization of
alkane, photocatalytic degradation of malathion, methane activation with ethylene to form
propylene and selective catalytic reduction of NO by alkane in the presence of hydrogen
should be studied on various Ag species.

The additional Brensted acid sites evidenced by '"H MAS NMR and FTIR was only observed
over zeolite possessed Si/Al ~ 28. One could expect that the Si/Al ratio of the zeolites would
play a marked role in insertion and retaining the incorporated Ga species. Therefore, the
influence of the zeolite Si/Al ratio on the additional of Brensted acid sites when the
incorporation of Ga species should be studied.

Despite the pulsed study has attempted to determine the catalytic activity of various Ga
species based on the ethane dehydrogenation, there is a lack of in situ studies of the Ga-
modified HZSM-5 system at the high temperature range. This system can exhibit its local
catalytic activity and a true active species may well be revealed. Thus, an in situ investigation
of the nature of gallium species in the reduced Ga-modified HZSM-5 zeolite obtained at
different temperatures should be studied using XPS and EXAFS techniques.

The pyrolysis oil is a viscous liquid with a high oxygen content. However, pyrolysis oil as
such is not directly suitable as feed for this modified zeolite catalysis. This is because the
molecular shape dimension of oil component cannot enter to the zeolite micropore. An
upgrading technology should be studied to improve the molecular shape dimension to extend

the application range such as fluid catalytic cracking (FCC).



Appendix A
CALCULATIONS

Al. Calculation of theoretical acidity

From the elemental analysis, the theoretical acidity of zeolite is calculated as follows:
The general unit cell of HZSM-5 is H Al Si,, O,
In the case of HZSM-5 (Si/Al = 45),

Thus; Si+ Al = 96 Eq. (1)
Si/Al = 45 Eq. (2)
From Eq. (1) and Eq. (2)
Si = 0391
Al = 209

From the above, the unit cell of HZSM-5 (Si/Al = 45) is therefore H, o, Al, (,Siy; ,0,,,- The weight
of unit cell of HZSM-5 (U) is

i

2.09(1) + 2.09(26.98) + 93.91(28.09) + 192(15.99)

c
I

5767.86 g

The theoretical acidity ((H']) of HZSM-5 is

[H']
[H]

I

2.09/5767.86

0.362 mmol/g

The general unit cell of HBeta is H Al Sig, O, .

In‘the case of HBeta (Si/Al = 11),

Thus; Si+ Al 64 Eq. (1)

Si/Al 11 Eq. (2)
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From Eq. (1) and Eq. (2)

Si

it

58.67
Al = 533

From the above, the unit cell of HBeta (Si/Al = 11) is therefore H, ,,Al, ,.Si;, O,,.. The weight of
unit cell of HBeta (U) is

5.33(1) + 5.33(26.98) + 58.67(28.09) + 128(15.99)

il

3844.86 g

The theoretical acidity ({H']) of HBeta is

[H]
[H]

5.33/3844.86

1

1.387 mmol/g

A2. Calculation of % Ag ion-exchanged

In the case of 2.80 wt% of AgHZSM-5 (Si/Al = 11),

Thus; Si+ Al = 96 Eq. (1)
Si/Al = 11 Eq. (2)
From Eq. (1) and Eq. (2)
Si = 88.00
Al = 8.00

From the above calculation, the unit cell of AgHZSM-5 (Si/Al = 11) is therefore
A H; 00.AlL 005155000102 The degree of silver ion-exchange in it cell of 2.80 wt% of AgHZSM-

5 (Si/Al = 11) is calculated as follow:
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The weight of unit cell of 2.80 wt% of AgHZSM-5 (Si/Al = 11) (U) is

8) = n(107.87) + (8-n)(1) + 8(26.98) + 88(28.09) +
128(15.99)
8] = 107.87n +(8-n) + 215.84 + 2471.92 + 2046.72 Eq. (1)

The silver content loaded zeolite sample is

107.87/U = 2.80/100 Eq. (2)

From the Eq. (1) and Eq. (2),

n = 1.27 and hence the unit cell of 2.80 wt% of AgHZSM-5 (Si/Al =11) is
Ag, 1 Hg73AL 0Sig 60,s,- The ion exchange of silver into the exchangeable site of the framework
is estimated to be 15.83 %.

Similar calculation is used in the case of AgHZSM-5 with different Si/Al ratio and

different Ag loading.

A3. Calculation of catalytic parameter

Weight of catalyst (g)
W/F =

Mole of liquid reactant feed (mol/h)

In the reaction using 0.01 mol/h of ethanol (or benzaldehyde or m-cresol) as feed and

using 0.0675 grams of catalyst, the W/F is calculated as follows:

W/F

[0.0675 (g)/0.01 (mol/h)]

6.75 g-h/mol

In a similar manner; W/F of catalyst with different catalyst weight and different feed rate

are calculated.
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Ad. Calculation of % carbon yield from gas chromatography

From the chromatogram, the peak of samples were identified using of reference standard
" for comparison. The peak area of hydrocarbon (or oxygenated compounds) which possesses the
equal number of carbon was summerized. The summation of the peak area obtained from

chromatogram of a mixture hydrocarbon product is shown in Table Al.

Table A1 the summation of the peak area for hydrocarbon products.

Number of carbon Summation of the peak area

C, . N
C, 343.12
C, 888.76
Cs 999.21
C, 21.97
C, 53.83
C, 128.21
C, 0.00
B 912.00
T 28.18
X 1970.74
C, 1959.13
Co 0.00.

Total 7305.18

In the normalization method, the areas of all eluted peak were compute after correcting
these areas for differences in the detector response to different compound types. After correcting
areas, the concentration of the analyte was found from the ratio of its area to the total area of all

peaks.

Calculate the percent carbon yield of each component in sample as follows:



Summation of peak area of C_ x 100

Corrected % carbon yield in each product =

Total area x RF
Where RF is the response factor of the analyte sample.
For example;
343.12x 100
Corrected % carbon yield of C, = ' = 4.6969
7305.18 x 1

172

The percent carbon yield of each sample which is obtained from above calculation is shown is

Table A2.

Table A2 % Carbon yield derived by normalization method.

Number of carbon % carbon yield of sample
C, 0.0000
C, 4.6969
C, 12.1662
C, 13.6782
C, 0.3008
Cs 0.7369
C, 0.0000
C, 0.3858
B 1.7551
T 12.4843
X 26.9774
C, 26.8184
C 0.0000

Total 100




Appendix B

COLUMN PARAMETERS AND

GAS CHROMATOGRAPH CONDITIONS

B1. Column parameter and gas chromatograph condition for ethanol conversion

Column parameter
Type
Length (meters)
I.D. (mm)
Film thickness (pm)
Carrier gas °
Linear velocity (cm/sec)
Injector temperature ('C)

FID detector temperature ('C)

Gas chromatograph condition

VA-1
15

0.53
1.5
Helium
20

220
220

Step Oven temperature Co) Heating rate ("C/min) Hold time (min)
1 35 - 5.0
2 200 10 -
3 200 - 30.0
Total time 51.5




174

B2. Column parameter and gas chromatograph condition for ethane conversion

Column parameter
Type :  HP-Plot
Length (meters) : 30
L.D. (mm) : 0.53
Film thickness (um) 15
Carrier gas :  Helium
Linear velocity (cm/sec) ¢ 20
Injector temperature (° C) : 220
FID detector temperature ("C) 220

‘Gas chromatograph condition

Step Oven temperature CC) Heating rate (CC/min) Hold time (min)

1 40 - 10.0

Total time 10.0
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B3. Column parameter and gas chromatograph condition for benzaldehyde and

m-cresol conversion

Column parameter

Type HP-5
Length (meters) 30
L.D. (mm) 0.25
Film thickness (pm) 0.88
Carrier gas Helium
Linear velocity (cm/sec) 20
Injector temperature (C) 220
FID detector temperature ("C) 220
Gas chromatograph condition
Step Oven temperature (C) Heating rate ("C/min) Hold time (min)
1 35 - 5.0
2 200 10 -
3 200 - 30.0
Total time 51.5
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