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ABSTRACT

Non-oxidative methane dehydroaromatization (MDA) is the most promising route for direct
transformation of natural gas, an abundant source of methane, into value added aromatic
hydrocarbons. The process is attractive in terms of decreasing wastage of valuable methane
hydrocarbon mostly flared at remote locations and simultaneously reducing greenhouse gas
emissions to the atmosphere caused by flaring. In view of commercial aspects, the process is also
beneficial as it comprises single step conversion of low cost natural gas into aromatic
hydrocarbons and hence can be an alternative towards traditional production of aromatics in
petroleum refineries. Limitations with the process are mainly associated to low equilibrium
conversion and fast catalyst deactivation. Molybdenum modified zeolite (ZSM-5/MCM-22) has
been known as potential catalyst for MDA reaction and is found to be highly selective towards
aromatic hydrocarbons. Fast deactivation of Mo-Zeolite catalysts require more insights into the
functioning of the catalyst. Further modification in active sites with varying zeolite Si/Al content
or addition of secondary metals is desirable in view of investigating the catalyst stability. Coke
growth analysis and its nature over MDA catalyst must be in consideration while understanding
the deactivation path. In this context, the present work has been constructed performing DFT
calculations for methane transformation into C: intermediates (ethane and ethylene) and
experimental studies for rational design of catalyst support and promoter.

As a first step, DFT calculations were performed in detail for methane activation and C-C
coupling steps to generate key C: intermediates (ethane and ethylene) on the isolated
molybdenum carbide cluster (Mo4C2). Methane activation barrier was checked at different Mo
sites of Mo4Cz cluster to find suitable Mo atom sites towards ethylene formation path possessing
lower energy barriers. Further, energy barriers of C-H dissociation and C-C coupling steps were
analyzed over Mo4Cz: cluster having different residual charge in view of understanding a relation

between reducibility and catalyst activity. It was found that more reduced cluster having low



positive charge favours methane dehydrogenation which is a key step in MDA. Reducibility of
active Mo sites on the catalyst can be controlled during catalyst preparation or regeneration.
Overall, DFT calculations are providing insights into ethane and ethylene formation in MDA
route and guidelines towards tailoring the active sites via modification in electronic structure.

In a parallel efforts, effect of SiO2/Al20s ratio (SAR) of MCM-22 support was analyzed with
respect to the interaction of Mo species with the MCM-22 support, formation of active phases
(MoOxCy/Mo02C) and corresponding activity towards MDA reaction. For this, HMCM-22 zeolite
of different SAR (30, 40 and 55) was synthesized via conventional hydrothermal method and
tested for the reaction with constant 5 wt% Mo loading. Different characterizations; XRD, BET,
NHs-TPD, H2-TPR, Al MAS NMR, XPS and Raman spectroscopy were used to investigate the
physiochemical properties of Mo/HMCM-22 with respect to different Si/Al ratio. In MDA
activity results, Mo/HMCM-22 was found to be highly active at SAR-30 exhibiting higher
methane conversion and benzene formation rate with lower coke content as compared to that at
SAR-40 and SAR-55. NHs-TPD results confirmed that HMCM-22 at SAR-30 consists of higher
concentration of Brgnsted acid sites which is beneficial towards Mo anchoring over zeolite
channels and aromatization in MDA reaction. Further, 2’Al MAS NMR, Raman spectroscopic
and Hz-TPR results directed that Mo oxide species effectively interacts with MCM-22 framework
at SAR-30 compared to other SAR and hence results in higher activity of the catalyst. XPS results
of pre-treated Mo/HMCM-22 indicated that higher proportion of active Mo species (MoOxCy)
associated to the zeolite framework occurs at SAR-30 compared to that at SAR-40 and 55.
Overall, HMCM-22 possessing higher acidity due to higher Al content at SAR-30 exhibits
sufficient anchoring sites for Mo oxide and hence shows an enhanced proportion of associated
active Mo sites (oxycarbide/carbide) during pre-treatment which leads a higher activity in MDA
reaction.

In the third study, Mo/HMCM-22 (SAR-30) catalyst was upgraded with addition of Cr in view

of investigating the effect of chromium as a promoter towards MDA activity. Experimental

Vi



results revealed that Cr addition (0.5Cr/5Mo/HMCM-22) significantly improves the catalytic
activity showing higher benzene production rate and methane conversion with time on stream as
compared to 5SMo/HMCM-22 catalyst. The spent Cr added catalyst showed lower coke content
(15.9 wt%) compared to spent Mo/HMCM-22 (19.3 wt%) as confirmed by TGA results. Higher
reduction temperature corresponding to Mo®* to Mo** transformation and reduced surface acidity
on Cr addition indicated an effective interaction of Mo species over MCM-22 crystals as
confirmed by H2-TPR and NHs-TPD respectively. HR-TEM results of calcined and pre-treated
catalysts further indicated an improved distribution of Mo species over MCM-22 crystals on Cr
addition leading to higher activity towards MDA reaction. Coke associated large Mo2C particles
were observed with non-promoted (Mo/HMCM-22) catalyst during the course of reaction (120
min of TOS) as supported by HR-TEM results and also responsible for its lower activity. XPS
results inferred that the formation of active Mo sites (MoOxCy/M02C) associated to zeolite
channels was more pronounced with Cr added catalyst during pre-treatment and reaction. In
addition, more disordered carbonaceous species originated over Mo/HMCM-22 (Io/lc =1.27)
compared to that on Cr added catalyst (Io/lc =0.93) and hence indicates variation in coking during
the reaction. Overall, Cr added catalyst showed higher activity possessing superior
physiochemical properties as compared to Mo/HMCM-22 catalyst.

As coke deposition is considered a major obstacle in MDA route, mode of coke growth analysis
over MDA catalyst is thus needed. In the fourth study, coke deposition analysis over
0.5Cr/5Mo/HMCM-22 catalyst was performed at different time intervals for the three different
temperatures (600, 700 and 800 °C). TGA and Raman spectroscopic studies were performed to
evaluate the coke content and quality of carboneseous species over spent catalysts collected at
different intervals. Raman results directed that with the increase in TOS, more disordered carbon
accumulates over the catalyst surface based on Io/lc ratio. High temperature range also favours
the formation of disordered carboneseous species. Further, a monolayer-multilayer model was

applied to predict the coke formation rate over the catalyst. In optimized results, first order

vii



kinetics was found with coke formation in monolayer which indicates that monolayer coking
depends on a single site which is in support towards MDA catalytic path. A higher activation
energy (105.43 kJ/mol) was found for monolayer coking as compared to that for multilayer
coking (47.67 kJ/mol). Low activation energy for multilayer coking indicated a strong
dependency of coking rate in multilayer on the coke concentration in monolayer. This indicates
that coke precursors in monolayer acts as an active site towards multilayer coking over the
catalyst. Observed results support the hypothesis of MDA path as carbide associated coking

facilitates severe coking with the progress of reaction.
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qT1L

T-afFiefeg 199 Seresuiderzsad (MDA) YTHfds T8 & ToFaq qiddd & ou

a9 AATSHE: AW 2, ST AT A TH TG &G o, God arad qiread gresehEd |
Tg ghehar Fadr WIF gregiarad &l adial w1 FF FA 6 HAEA H AEHUE g, AT

SATETAY Qa6 T 98 9EHhdl g T a7 g a1 Jraeaes # f\gsd 39

TSI H FH FLAT gl ATOSTS Tgaqall & &9 § T@d gu, g JHar # wEeHs

g % TEH FH AN ATl ATHIadh T8 HT Tad gregimed d Thd =F00 I7ay]

aTtae § Siv =Hfere Yeroray Rweana & gufad gqrif & 9Raa Saared & o

uF faFwed g gwar g1 IERAT F AT H9T0 §eF ¥ HH §qad e 9ia T dsil
T IuE AfShar & SET €)1 wiforseaw "ot fSreietze (ZSM-5/MCM-22) #T MDA

giaRaT & o garad SoRE & ® H IE0 Sar g 3T o6 qEied gresehEd &

gfq srcafersd Fa|TeHs® 9137 ST @l Mo-Zeolite ST &1 st & Afows w3 & forw

SCIE o HIHKST H ATH FAAGY 1 AELTHAT Il gl SIEH [®FTAT &l S

AT A -3 Srafiaree Si/Al a8t a7 fBdias aTqeii & s aehd drsel o

AT "erge AigAT gl Atwaar a9 #7 969Ad 99T fF iy @YU #T MDA SOE

TT THHI UFA A AW H Y@ AT ATRUl TH HEH H, G491 wE F [HEO Co
qegadi (399 S fUe(e) § #tuw 9fREaq F U DFT T #3d gu fear @ 8

T IUTH I AT THIET F g f2ered ¥ O ygnmeas sremaw GRam oA

2l
T AU % ®T H,HAT GGRAT T C-C THA IO & W DFT TUETsH &l g

qifereedad Haiee Faee? (M0o4Co) TT Y@ C, HeAadl (AT AT TUe) oI Heed

F o A 7 Bar mr oom MosC: e F fafeer Mo#mzer o Wi |fwaor
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AU T A A T qlleh FHH Fol AGUT ATl Sed FH 927 HiT AT I9Lh
Mo T=HTI HTSEl & 9T AT ST Hehl T8eh FAATal, RSataieret T Soa Iarare

F A HIY H TEAT F HeAGY AT AT A gt MosC: FET 9T C-H
JUFIO T C-C I =OI &l FHoll argrei &1 Fguer &Far @ 9am a8 93 &0
& 9 gaTHE AT ATT ATTF FH FATEL HIIF REESOHIHT FT 97 od g T

MDA # UF HgaqUl Fa9 gl IULH 0 qFRl AT AT & I Iod 98 g
Mo |TZel il FHT & @ BT ST |J&ar g1 T A, DFT =T MDA 91T §

AT AT MU % oA § SAgle WA & Yol § Y Soagi=® §3adr H e
% HTEAH H AT ATZel &l Fare wa & Gem #§ A =@ e &7 @Bl

THMEAY TTEr ®, MCM-22 d899 & SiO/ALO:; qITad (SAR) & ara &1 fergwor

MCM-22 |®/I9 & |TT Mo TATAAT H aTa=id, G a0 & T34 (MoOxCy/Mo2C)

T MDA #Fr i gafaa wiatafar & d@9g ¥ GFar mar qam gfatem o+ oo, Bfes

SAR (30, 40 3T 55) & MCM-22 fSraiemee &1 URAE gresiada &afa & dreaq
Tt BT =T 97 3T a5 wit% Mo &ifewr & |ryr gfafwar & forw gdyeror fRam

T om fafss eror JuiE; XRD, BET, NH3-TPD, Ha-TPR, 2?Al MAS NMR, XPS #iT T8+

FFSIERGT AT ITIRT ATHS Si/Al s qaTa & o § Mo/HMCM-22 & siifds TETa =
O T S % @ BRAT =T 9T MDA STatater aiRermEt #, SAR-40 T SAR-55 T

TAAT § FH FE ATHIUT F GTT IF HIAT FOMGOT T AST T qL Kl FIAT

g0 SAR-30 § Mo/HMCM-22 sreaferss | 91T A1l NH3-TPD 9ROt o g2 it &
SAR-30 % HMCM-22 & #i®eT Ufde @Tzel &l 3g disdr arar g o1 o Sreieree ==t
9T Mo UHFT 3w MDA wfafar & wrrer & foro wress 81 zas sramar, YAl MAS
NMR, T9 #Uadehios 3T Ho-TPR afomat 5 fAefoa far & Mo siamee worfa
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#¥T SAR &I T@AT H SAR-30 9% MCM-22 T & H|TA TATET &1 & Sra«id wedl g
Y zAfT IoRE # I At gt gl @-3T=rd Mo/HMCM-22 % XPS Tt

7 "6 foar & RreieEe = & 92 afdd Mo I=faat (MoOxCy) T 39 siqaTa SAR-
40 T 55 & AT H SAR-30 H Brar gl Fo ey, HMCM-22 & 3IF earar gl
2l SAR-30 ¥ IF A AT F FOUT Mo FTES & o0 978 UHGT ATge Jarea

gl g ST AU qE@-3991C & a9 §dg AT Mo dT2el  (iaiamaizs /Faiss)

FT UF G@T AT AUTd [*@rdr g ST MDA wfafdar § UF 3Ig TaEare it A Srar

2l
T sregIa °, MDA Wfafy & forw v y"eT & =9 #§ #eg9 & g9 hr T

F TAe Mo/HMCM-22 (SAR-30) SS%F &1 Cr % ffafli=r & arer S=a far wam =m
TR IR & oqqr Fer B Cr SE 0.5Cr/SMo/HMCM-22 SR #T e |

5Mo/HMCM-22 ¥® 9T §HT & ATT IF o9 Icaad &< X Hi" ®9iaeor fTErd

U SO WAt § FRN I FAT gl @9 @y U CrsfE U IoE 7 TGA
gRomEt T 9t #it T Mo/HMCM-22 (19.3 wt%) #T qa-T H F7 &l® arit (15.9

wt%) i@l Mo®" & Mo*" qR&dd & Aq&ET IF FHI qM9A AT Cr g U< Adg =l

AT | FHT 7 MCM-22 fFeet 97 Mo goiTiaat i1 Il ara=id &7 Heha o, a1

o #Her: He-TPR 3T NH3-TPD =T qf® & 2 off| Faadres 3T q@-3Tared SOl
% HR-TEM 9ROmHT 9 Cr fdfs 9¢ MCM-22 ffFeer 9T Mo YSiTiaai & sigav feraeer
T "eha foar, S|a MDA wiafwar & Rem & 37 afafafar g€ & & 2 98 Mo.C

FOT AT gAGRET F I W-vafdd (Mo/HMCM-22) I3%& & 91 <@l T (120
e TOS) S|r % HR-TEM afeormat gy aufda g w geeht A=t afafafer & oo

f S 81 XPS aRomal § oqA™ @ & SefeEe == e & J2 4T Mo
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Aarzel (MoOxCy/M02C) FT Ted Ta-STHATT 3T WiAiHaT & I Cr SET SO & a1

At T AT TS FATaT, Cr e MU 33 (Io/le = 0.93) F o1 & Mo/HMCM-

22 (Io/le=1.27) & AT FAAAEAT FTAALE TSAAT I ST ge AT TET FTA 0T

& I witeT # fwar w1 gea mear 81§ Femse, Cr SiET 33® 4 Mo/HMCM-

22 ITE HI AT H AgAT Aids TEEAEE O AT IF Tty w R

4% 6 e MDA AR § UF FE0 a1¢7 qE0 ST 8, 390 MDA Soad 1
T glg FHUT F qhw AT AEeTFwar g1 AT qewIT H, AT AAT-AAT  JTIHIAL

(600, 700 3T 800 °C) & foIT M- T IHF FqUA 9T 0.5Cr/5SMo/HMCM-22 3I<F &

afw wh THTE @YU BRAT T 9T TGA ST AT TYFSER(UE degad Efae

FAOAT 9T UFA FFU MU we U U IS T wE ATEUT fY FIEIAE TSI

#T UEAT T qeATHRT T & U fFw w oo e qiomat 9 e & & ToS

¥ gfg F A1, Ip/lc ATITT F AT 9T IAEF Adg UL ATIF ATARIT FTaT ST

gl STaT g1 Sg AMIHE IS AT eFafeqd wEi|ead ISl & SH R 9T gl

THE ATAT, SOEH 9T FlE Tod 3T % AEASAATO Fd & o0 TF AAeI-agaid
Ated @ AT @ oom g aRomEl ®, F|eET § R T 6 G917 T9H Em
FASEHT AT AT ST SR Fwar 8§ o @Y fEsT UF active AT 9 AT Far

g ST MDA SOR& 99 % 9049 H gl Igaed &l (47.67 ki/mol) i AT H FAE
FIfkT F foro uF 3y @i ST (105.43 kiimol) 9T TS| ggued &t ® oo wm

AGRIT T F AAEET ® &% digdl 90 Jgaed H T & Al TF Jogq =aear

F Hha AT 78 M9 F2ar g & AFeET § FF UEd SoRE & HUT aguid
FITET T fRom & U @fFT 9% F €7 § FF FAT gl <@ T0 g0 MDA 99
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F IRHCTAT FT GHIA Fd g T FA12S F HE(d R IARAT AT S90S 6
AT AT AT 6T AT T2 Far gl

Xiii



TABLE OF CONTENTS

Page No.
Certificate i
Acknowledgments i
Abstract %
aR iX
List of Figures XViii
List of Tables XXIV
Nomenclature XXVi
CHAPTER 1: INTRODUCTION 1-11
1.1 Background 2
1.2 Methane dehydroaromatization (MDA) 5
1.2.1 Significance of the process 5
1.2.2 Challenges in MDA 6
1.2.3 Motivation for MDA process 9
1.3 Obijective of the present study 10
1.4 Structure of the thesis 11
CHAPTER 2: LITERATURE REVIEW 12-49
2.1 Thermodynamics of MDA 13
2.2 Catalyst identification in MDA 16
2.2.1 Active sites over MDA catalyst 20
Q) State of Mo in MDA catalyst 20

Xiv



(i)  Role of BAS in MDA catalyst 26
2.2.2 Induction effect: Formation of active Mo sites 28

(Carburization)

2.3 MDA reaction pathway 30
2.4 Theoretical investigations towards active Mo sites 32
2.5 Promoter effect over MDA catalyst 35
2.6 Operating reaction parameters 38

0] Effect of temperature 38

(i) Effect of pressure 39

(iii)  Effect of space velocity 40
2.7 Kinetic studies for MDA reaction 41
2.8 Catalyst deactivation 43
2.9 Gaps and motivation for the present study 47

CHAPTER 3: EXPERIMENTAL DETAILS 50-59

3.1 Computational details for DFT calculations 51
3.2 Catalyst preparation 53

3.2.1 Zeolite (HMCM-22) synthesis with different SiO2/Al203 53

ratio
3.2.2  Synthesis of Mo/HMCM-22 (SAR-30, 40 and 55) 53
3.2.3 Synthesis of Cr added Mo/HMCM-22 54
3.3 Catalyst characterization techniques 55

34 Catalyst activity analysis and deactivation study 57

XV



CHAPTER 4: RESULTS AND DISCUSSION

4.1

4.2

4.3

Mechanistic studies towards the activity of molybdenum-carbide

species (Mo4C2) for C-H activation and C-C coupling steps in MDA

41.1

4.1.2

4.1.3

414

4.1.5

C-H activation of first methane molecule
C-H activation of second methane molecule
C-C coupling of adsorbed CHs species
Effect of residual charge over Mo4C:

Summary

Understanding the role SiO2/Al:03 of Mo/HMCM-22 towards

evolution of active Mo species in methane dehydroaromatization

4.2.1

4.2.2

4.2.3

4.2.4

4.2.5

4.2.6

4.2.7

4.2.8

4.2.9

4.2.10

4211

Effect

X-ray diffraction pattern

29Si MAS NMR spectroscopy
FE-SEM analysis

Surface area and pore volume analysis: Nz adsorption-
desorption isotherm

NHs-TPD analysis

2I Al MAS NMR spectroscopy
Raman spectroscopy

H2-TPR analysis

X-ray photoelectron spectroscopy
Catalyst activity test

Summary

of Cr in Mo/HMCM-22 catalyst for methane

dehydroaromatization

4.3.1

Catalyst activity analysis

XVi

60-145

61

62

64

68

72

77

79

79

81

84

85

88

91

94

95

97

101

105

107

107



4.3.2  X-ray diffraction pattern 111
4.3.3 Determination of metal content 113

4.3.4 BET surface area, pore volume and surface morphology 113

analysis
4.3.5 Acidity analysis via NHs-TPD 118
4.3.6 H2-TPR analysis 121
4.3.7 HR-TEM analysis 123
4.3.8  X-ray photoelectron spectroscopy 127

4.3.9  Analysis of post-reaction catalysts: TPO, Raman and TGA 131

studies
4.3.10 Summary 136
4.4 Kinetics of coke formation in MDA reaction 138
4.4.1 Coke content analysis with time and temperature via TGA 138

4.4.2 Nature of coke content with time and temperature via 139
Raman spectroscopy
4.4.3  Kinetic model for coke deposition 141

4.4.4  Summary 145

CHAPTER 5: CONCLUSIONS AND FUTURE RECOMMENDATION 146-150

5.1 Conclusions 147
5.2 Future recommendations 150
REFERENCES 151

APPENDICES

Xvii



Figure No.
Fig. 1.1
Fig. 1.2

Fig. 1.3

Fig. 1.4

Fig. 1.5

Fig 2.1

Fig. 2.2

Fig. 2.3

Fig. 2.4

Fig. 2.5

LIST OF FIGURES

Title
Distribution of proven gas reserves in 1999, 2009 and 2019
U.S. oil and dry natural gas production up-to 2050
Different routes of methane conversion producing value added
chemicals
Equilibrium amounts (moles), 1 bar, starting with 6 mol methane
and allowing (a) only H2 and benzene as components and (b) C(s),
H2, and benzene as components
Schematics of MDA pathway showing aromatics and coke
formation
Variation in equilibrium conversion of MDA reaction with different
temperature and pressures

(@ MFI and (b) MWW framework structure of ZSM-5 and MCM-

22 respectively

(i) XPS spectra of 2 wt% Mo/HZSM-5 and unsupported MozC in
Mo3d region (a) fresh Mo/HZSM-5, (b) after exposure (2h) to
methane at 700 °C, (c) pre-treated sample with CHs-H2 mixture at
700 °C for 12-14 h and (d) pure Mo2C. (ii) XPS spectra for
3%Mo/HZSM-5 catalyst (a) fresh, (b) after 10 min, (c) after 20 min
and (d) after 30 min of TOS at 700 °C

Schematic of external and internal anchoring sites over ZSM-5
framework

Mode of Mo oxide binding (a) Mo(=0)2?* dioxo species anchored

over double Al-atom sites, (b) Mo(=0).0OH" dioxo species anchored

Xviii

Page No.

14

22

24

27

28



Fig. 2.6

Fig. 2.7

Fig. 2.8

Fig. 2.9

Fig. 2.10

Fig. 2.11

Fig. 3.1

Fig. 3.2

Fig. 4.1

Fig. 4.2

Fig. 4.3

Fig. 4.4

over single Al-atom sites and (c) Mo(=0)2?" dioxo species over
double Si-atom sites on external surface of the zeolite framework
Structures of Mo2Cx and Mo4Cx nanoclusters identified with a
genetic algorithm and DFT optimization calculations

Methane activation calculation over Mo4C2 nanocluster anchored
on framework Al site and external Si sites

Effect of temperature on methane conversion and benzene
selectivity for Mo/HZSM-5 at 1 atm and GHSV of 1400 mL/gcat-h
Effect of increasing pressure on methane conversion and product
yield at 700 °C and 1500 mL/gcat-h

Effect of space velocity on benzene concentration with TOS for
5%Mo/HZSM-5 at 1073 K

TPO profiles of different spent MDA catalysts (3h) tested for MDA
at 973 K

Block diagram for catalyst (Mo/HMCM-22) preparation

Fixed bed reactor set-up for catalyst activity analysis

Schematic of methane transformation into ethylene over Mo4C2
cluster

Geometry of (a) Mo4C: cluster and (b) the reactant, transition and
product states for first methane dehydrogenation over Mo® site
Reaction energy diagram for methane dehydrogenation over Mo®
site of Mo4Cz cluster

Geometry of the reactant, transition and product states for second

methane activation over engaed Mo® site of MosC> cluster

XiX

33

34

39

40

41

45

54

58

61

63

63

65



Fig. 4.5

Fig. 4.6

Fig. 4.7

Fig. 4.8

Fig. 4.9

Fig. 4.10

Fig. 4.11

Fig. 4.12

Fig. 4.13

Fig. 4.14

Geometry of the reactant, transition and product states exhibiting
activation of second methane at free Mo® site of Mo4Cz cluster
Geometry of the reactant, transition and product states exhibiting
activation of second methane at free Mo® atom site of Mo4Cz
cluster

Reaction energy diagram showing activation of second methane
molecule, depending on the choice of active Mo sites: second
methane dissociates at, (a) Free Mo® atom and (b) Free Mo® atom
of Mo4C: cluster

Geometry of the reactant, transition and product states for (a)
Coupling of the two CHs species and (b) Hz formation reaction steps
over Mo4C2 Nano cluster

Reaction diagram for methane dehydrogenation and C-C coupling
reactions to form ethylene on Mo4C: cluster

Structure of the TS for methane C-H bond activation on
neighbouring Mo-Mo site for (a) Mo®™-MoW site of Mo4C2 and (b)
and Mo®-Mo@ site of MosCz

Reaction diagram for methane dehydrogenation and C-C coupling
reaction to form ethylene on MosC: cluster with +1 charge

Effect of cluster residual charge on the first methane
dehydrogenation activation barriers over Mo4Cz cluster

Electron density profile for; (a) Neutral and (b) +1 charged Mo4C:
cluster

XRD patterns of HMCM-22 and calcined 5SMo/HMCM-22 catalyst

with (a) SAR-30, (b) SAR-40 and (c) SAR-55

XX

66

66

67

69

70

71

73

74

75

81



Fig. 4.15

Fig. 4.16

Fig. 4.17

Fig. 4.18

Fig. 4.19

Fig. 4.20

Fig. 4.21

Fig. 4.22

Fig. 4.23

Fig. 4.24

Fig. 4.25

29Si MAS NMR spectra of HMCM-22 with (a) SAR-30, (b) SAR-
40 and (c) SAR-55

FESEM images of HMCM-22 at (a) SAR-30, (b) SAR-40 and (c)
SAR-55 and calcined 5Mo/HMCM-22 and (a') SAR-30, (b") SAR-
40 and (c') SAR-55

N2 adsorption-desorption isotherms of HMCM-22 at (a) SAR-30,
(b) SAR-40 and (c) SAR-55 and calcined 5Mo/HMCM-22 at (a')
SAR-30, (b") SAR-40 and (¢') SAR-55

NHs-TPD profile of HMCM-22 at (a) SAR-30, (¢c) SAR-40 and (e)
SAR-55 and calcined 5Mo/HMCM-22 at (b) SAR-30, (d) SAR-40
and (f) SAR-55

2'Al MAS NMR of (a) HMCM-22 and (b) calcined 5Mo/HMCM-
22 catalyst having different SAR

Raman spectra of calcined 5Mo/HMCM-22 at (a) SAR-30, (b)
SAR-40 and (c) SAR-55

H2-TPR profile of calcined 5SMo/HMCM-22 at (a) SAR-30, (b)
SAR-40 and (c) SAR-55

XPS profiles of carburized 5SMo/HMCM-22 catalyst at 500 °C for
(a) SAR-30 (b) SAR-40 and (c) SAR-55

XPS profiles of carburized 5Mo/HMCM-22 catalyst at 700 °C for
(a) SAR-30 and (b) SAR-55

(a) Methane conversion and (b) benzene formation rate with TOS
for 5Mo/HMCM-22 catalysts for SAR-30, 40 and 55

Hydrocarbon selectivity for 5SMo/HMCM-22 with TOS at (a) SAR-

30, (b) SAR-40 and (c) SAR-55

XXi

83

85

87

90

93

95

97

100

101

103

104



Fig. 4.26

Fig. 4.27

Fig. 4.28

Fig. 4.29

Fig. 4.30

Fig. 4.31

Fig. 4.32

Fig. 4.33

Fig. 4.34

TGA profiles of spent 5SMo/HMCM-22 catalysts at different SAR
(a) Methane conversion, (b) benzene formation rate, (c) ethylene
formation rate and (d) ethane formation rate with TOS for
5Mo/HMCM-22 and Cr added catalysts

Hydrocarbon and coke selectivity over TOS for (a) 5SMo/HMCM-
22, (b) 0.2Cr/5SMo/HMCM-22 and (c) 0.5Cr/5Mo/HMCM-22

(a) XRD patterns of HMCM-22, calcined and pre-treated catalysts,
(b) corresponding expanded view of XRD pattern between 25-27°
20 range, (c) spent catalysts collected after 120 min and (d)
corresponding expanded view between 25-27° 20O range

N2 adsorption-desorption isotherms of (a) parent, (b) calcined, (c)
pre-treated and (d) spent (after 120 min of TOS) catalysts

FESEM images of (a) HMCM-22, (b) calcined 5SMo/HMCM-22
and (c) calcined 0.5Cr/5Mo/HMCM-22 and corresponding EDX
spectrum in (&), (b") and (c")

NHs-TPD profile of (a) HMCM-22, (b) calcined 5Mo/HMCM-22,
(c) calcined 0.5Cr/5Mo HMCM-22, (d) pre-treated 5SMo/HMCM-
22, (e) pre-treated 0.5Cr/5Mo HMCM-22, (f) spent 5Mo/HMCM-
22 and (g) spent 0.5Cr/5Mo HMCM-22 after 120 min of TOS
TPR profile of calcined (a) 5Mo/HMCM-22 and (b)
0.5Cr/5Mo/HMCM-22

HRTEM images of (a) parent HMCM-22, (b) -calcined
5Mo/HMCM-22, (c) calcined 0.5Cr/5Mo/HMCM-22, (d) pre-
treated 5SMo/HMCM-22, (e) pre-treated 0.5Cr/5Mo/HMCM-22, (f)

spent 5SMo/HMCM-22, (g) spent 0.5Cr/5SMo/HMCM-22 collected

XXii

105

110

110

112

116

118

120

123

126



Fig. 4.35

Fig. 4.36

Fig. 4.37

Fig. 4.38

Fig. 4.39

Fig. 4.40

Fig. 4.41

Fig. 4.42

after 120 min of TOS and (h) high resolution image of
5Mo/HMCM-22 (after 120 min) having d spacing value

XPS spectra of (a) calcined (b) pre-treated and (c) spent (after 120
min) for 5SMo/HMCM-22 and 0.5Cr/5Mo/HMCM-22 catalyst in
Mo 3d region

XPS profile of pre-treated 0.5Cr/SMo/HMCM-22 in Cr 2p region
TPO profiles of spent 5Mo/HMCM-22 and 0.5Cr/5SMo/HMCM-22
catalysts collected at (a) 60 min, (b) 120 min and (c) 240 min of
TOS

TGA profiles of spent catalysts collected at different TOS

Raman spectra of spent (a) 5Mo/HMCM-22 and (b)
0.5Cr/5Mo/HMCM-22 catalysts collected at 60 min, 120 min and
240 min of TOS

Amount of coke (mg) deposited over 0.5Cr/5Mo/HMCM-22 vs.
time (h) at three different temperatures

Raman spectra of coked 0.5Cr/5SMo/HMCM-22 catalysts treated at
(@ 700 °C with different TOS and (b) exposed at different
temperatures after 60 min of TOS

Variation of coke concentration with time: comparison of

experimental and modelled results

XXiii

129

130

133

134

136

139

140

144



Table No.

2.1

2.2

2.3

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

LIST OF TABLES

Title
Equilibrium composition of products during methane conversion
into ethane, ethylene and benzene
Different zeolite supports for molybdenum based MDA catalysts
Activity results of different secondary metals modified over Mo
based MDA catalysts
Comparison of activation barrier for methane C-H bond
dissociation over Mo-Mo and Mo-C sites of Mo4C>
Mulliken charge distribution over Mo4Cz cluster corresponding to

electron density profiles shown in Figure 4.13

Dissociated chemisorption (Ediss) and TS (Ers) energies of the first

and second methane dehydrogenation steps on neutral and charged

Moa4Cz: cluster

Binding energy* of CHs over Mo site as a function of charge on
Moa4Cz2 cluster

Textural properties of HMCM-22 and 5Mo/HMCM-22 catalyst
having different SAR

NHs consumption for HMCM-22 and 5Mo/HMCM-22 catalyst

having different SAR

H2 consumption for calcined 5Mo/HMCM-22 at different SAR

Textural properties of calcined, pre-treated and spent (after 120

min of TOS) catalysts

NHs consumption for HMCM-22, calcined, pre-treated and spent

(after 120 min) catalysts

XXiv

Page No.

15

18

37

71

75

76

88

91

97

116

121



4.10

411

4.12

4.13

H2-uptake for calcined catalysts

Binding energy (eV) value of Mo 3d peaks for calcined, pre-treated
and spent (after 120 min) catalysts

Amount of Oz consumption and Ip/lc ratio for spent catalysts
collected at 60, 120 and 240 min of TOS

Kinetic parameters for the rate of coke formation

XXV

123

130

133

143



AG°

AH?

Ea
ETs
Eis
Eads
Ediss
SeeT

Smicro

Sext
Vmicro
Io

le

Cc
Cm
Cwm
Cmax
Tref

Acronyms

NOMENCLATURE

Standard Gibbs free energy (kJ/mol)
Standard heat of reaction (kJ/mol)

Methane conversion

Weight of the catalyst (g)

Methane flow rate (mL/min)

Internal diameter of reactor

Catalyst particle size

Activation energy (kJ/mol)

Energy of transition state (kJ/mol)

Energy of reactant state (kJ/mol)

Adsorption energy (kJ/mol)

Dissociation energy (kJ/mol)

BET surface area (m?/g)

Micropore surface area (m?/g)

External surface area (m?/g)

Micropore volume (cm®/g)

Intensity of D band in Raman spectra

Intensity of G band in Raman spectra

Total concentration of coke over catalyst surface (mg/mgcat)
Concentration of coke in monolayer (mg/mgcat)
Concentration of coke in multiple layers (mg/mgcat)
Maximum concentration of coke in monolayer (mg/mgcat)

Reference temperature (°C)

XXVi



€ Function for error optimization

ko Rate constant for monolayer coking (s 1)

ky Rate constant for multilayer coking (% s™H
E, Activation energy for monolayer coking (kJ/mol)
E4,, Activation energy for multilayer coking (kJ/mol)

n, q Reaction order

Rg Ideal gas constant (8.314 J/mol K)

Greek letters

A X-ray wavelength (1.54 A)

0 Diffraction angle

MDA Methane dehydroaromatization
DFT Density functional theory

DNP Double numerical plus polarization
GGA Generalized gradient approximation
PWO1 Perdew and Wang 91

SCF Self-consistent field

TS Transition state

LST Linear synchronous transit

QST Quadratic synchronous transit

HMI Hexamethyleneimine

SAR Silica alumina ratio (SiO2/Al203)
MCM-22 Mobil Composition of Matter-22
ZSM-5 Zeolite Socony Mobil-5

MWW Framework code (International zeolite association)

MFI Framework code (International zeolite association)

XXVii



AHM

BET

MAS-NMR

MHz

FESEM

EDX

TPD

TPR

TPO

HR-TEM

TGA

TCD

FID

GHSV

Ammonium heptamolybdate
Brunauer-Emmett-Teller

Magic angle spinning-Nuclear magnetic resonance
Megahertz

Field Emission Scanning Electron Microscope
Energy-dispersive X-ray spectroscopy
Temperature programmed desorption

Temperature programmed reduction

Temperature programmed oxidation

High Resolution-Transmission electron micrographs
Thermal Gravimetric Analysis

Thermal Conductivity Detector

Flame lonization Detector

Gas hourly space velocity

XXViii



	Thesis of Sourabh Mishra.pdf
	1
	2
	3
	4
	5




