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Abstract

The catalytic conversion of methane into more desirable chemicals is an area of immense
interest. This is a consequence of the high relative abundance of methane. This work
explores the conversion of methane into hydrogen and benzene under non-oxidative
conditions. The experimental work undertaken has focused on two main objectives: to

improve the stability and reactivity of the methane dehydroaromatisation catalyst,
MoO3;/H-ZSM-5 and to understand more fundamental aspects of the MoO3/H-ZSM-5
catalyst.

[t has been observed that both the hydrogen and benzene formation rate profiles are similar
for MoO3/H-ZSM-5 based catalysts in methane dehydroaromatisation. In all cases the
H,:C¢H¢ formation rate ratio is higher than expected, which is an indication of coke
formation. The relative constancy of the ratio implies that the benzene formation and

hydrogen producing side reactions decline at similar rates.

On comparing the catalytic activity of MoO3;/H-ZSM-5 with PA/H-ZSM-35, 1t was observed
that these two catalysts exhibit little similarity in behaviour. This implies that either Mo,C
1s not the active phase of molybdenum in MoO3/H-ZSM-5 or that there are uncertainties in
the comparisons that can be drawn between Mo,C and Pd within this system. Pd/H-ZSM-
5 was found to be an active methane decomposition catalyst, where the hydrogen produced
was free from any COy co-products. The carbon deposited on the catalyst during the

reaction 1s 1n the form of carbon nanotubes with a “herring-bone” structure.

To try and improve the -catalytic performance of MoO3:/H-ZSM-5 in methane
dehydroaromatisation doping with additional metals was investigated. Promotional effects
were observed for Fe’*, AI’" and Ga’”, the impregnation solutions of these dopants were all
acidic. Doping with iron increases benzene formation rates at longer times on stream,
aluminium doping was also seen to Increase the benzene formation rate, although
reproducibility effects were observed with this dopant and gallium doping was seen to
result in reduced catalyst coking. TEM i1mages of both Fe and Al doped catalysts reveal
that some of the carbonaceous deposition on these catalysts 1s in the form of carbon
nanotubes. Doping with Co*" and Ni*" was not seen to produce any promotional effects

(aside from an initial high hydrogen formation rate).

Phosphorus doping in the form ot a phosphomolybdic acid precursor leads to lower

catalytic activity. When 5wt.% phosphorus was added to a ready prepared 3%MoOs/H-



ZSM-5 catalyst, activity was suppressed and hydrogen was observed as the sole gas phase
product before the evolution of trace amounts of carbon oxides at longer times on stream.
A 5wt.% P doped MoO; sample was observed to produce hydrogen as a result of
carburisation. In this case carbon oxides were obtained simultaneously with the Hp
maximum. Post reaction XRD of the bulk P/MoO; material revealed a mixture of

molybdenum carbide and molybdenum phosphide.

A novel method for the production of phosphides through the reduction under methane
from the corresponding phosphate doped oxide has been observed. Although, the
preparation of phosphides via reduction of phosphates using more reactive hydrocarbons

1.e. propane and propene, as the reducing agents has proved more difficult.

A study on the activation of MoO3/H-ZSM-5 dehydroaromatisation catalysts using Al K-
edge EXAFS in conjunction with *’Al MAS NMR found that there is a significant
distortion of the tetrahedral framework Al environment, with Al species being drawn
towards molybdenum centres. In-situ FTIR verifies that molybdenum remains in the +VI

oxidation state under the conditions employed in the EXAFS experiments.

“’Al and “°Si MAS NMR experiments conducted on H-ZSM-5 and MoOs/H-ZSM-5
catalysts demonstrated that there 1s an extraction of framework Al upon incorporation of
Mo species into H-ZSM-5. The appearance of a sharp signal in the *’Al MAS NMR
spectra of MoOs/H-ZSM-35 catalysts 1s notable. This implies that such species are “liquid-
like” in nature and may be present as either highly disordered species or possibly as

hydrated cations.
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1 Introduction

1.1 General background

Natural gas exists in gaseous form or as a mixture with oil in natural underground
reservolrs all around the world. It is an abundant, low cost carbon based feedstock.
Methane 1s the primary component of natural gas and it is a greenhouse gas. It is the
simplest and most stable hydrocarbon molecule, and its conversion into more useful
compounds has been studied extensively in both homogeneous and heterogeneous

[1]

catalysis*”. The challenge that faces catalytic chemists is to develop a route to more

desirable chemicals in the conversion of methane that is efficient, commercially viable and

most important environmentally benign'®.

1.1.1 Methane activation

Extensive research on methane activation over the past several decades has resulted in both
indirect and direct routes of methane conversion. A schematic representation of different
methods of activating methane adapted from reference'” is shown in Figure 1.1-1. The
direct route involves the generation of hydrocarbons from the coupling of methane 1n
either oxidative or non-oxidative conditions, while the indirect route generates
hydrocarbons via intermediates, which come from methane reacting with steam or

oxygen' .

CO+H
Syngas ( 2) C,+ Hydrocarbons

e By steam reforming of CH,
e ByOCM

e By partial oxidation of CH4 _ |
e By oxy-steam and/or CO; e By high temperature coupling of CH,

reforming of CH4 ® By two step CHy homologation

l Carbon and Hydrogen

Syngas — Methanol — Hydrocarbons

!
Hydrocarbons or Oxygenates (by FT-synthesis)

Methanol/formaldehyde,
carbon disulfide, methyl
chloride

Figure 1.1-1 Schematic representation of different methods of activating methane!’.
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Thermodynamic constraints on reactions where all the C-H bonds of methane are broken

1.e. CH4 reforming into synthesis gas or CH; decomposition, are far easier to overcome

than reactions where only one or two C-H bonds of methane are broken.

At present, steam reforming of methane is the primary route of methane conversion (CHy +
H,O — CO + 3H;). This process is highly endothermic and results in the formation of
synthesis gas that can be further processed into methanol and ammonia'®’. The methanol to
gasoline (MTG) process can then be utilised for the production of gasoline'.
Alternatively, synthesis gas can be directly processed into hydrocarbons via the Fischer-

(3, 5]

Tropsch process Steam reforming of methane is by far the most researched route of

methane conversion but it is an expensive process to produce hydrocarbons in this way''’.

In homogeneous catalysis, it was first reported as early as the 1970s that methane could be
converted 1nto higher hydrocarbons via the homologation reaction in a superacid

61

medium"’. More recently, the direct conversion of methane to higher hydrocarbons has

been extensively studied in heterogeneous catalysis. In the early eighties, the oxidative
coupling of methane (OCM) was first reported by Keller and Bhasin'”. The products of
the reaction are ethane and ethylene. The reaction is normally carried out at atmospheric
pressure and temperatures ranging between 900 and 1200 K. Since the report by Keller
and Bhasin this reaction has been extensively researched with many developments being

made'® °!.

The OCM reaction has become one of the most pursued topics of research in
methane activation!'!, However, no catalyst has been able to meet the conditions required
for industrial application, as no catalysts were found to have a selectivity to C; higher than
80% and per pass C, yield greater than 25% (C, products are easily further converted into
the undesired CO, species formed due to the presence of oxygen in the teed). Theretore

the research for this route has gradually diminished and other routes were investigated' ..

In view of the fact that the conversion of methane with the aid of oxidants is
thermodynamically more favourable than under non-oxidative conditions, methane
conversion with the aid of oxidants has received far greater attention than that under non-

. : . 11
oxidative conditions!' .

1.1.2 Direct conversion of methane under non-oxidative

conditions

As already mentioned, the direct conversion of methane under non-oxidative conditions is

thermodynamically unfavourable.  However this alternative approach to methane
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conversion has generated considerable attention over recent years. A particular advantage

for this route compared to oxidative conversion is the absence of pathways to CO,

involving gas-phase oxidants. In addition, it can also be seen as a possible pathway to

generate hydrogen.

I'wo research groups in particular, van Santen and co-workers, and Amariglio and co-
workers, simultaneously and independently discovered a two-step procedure for the direct

[12-14)

non-oxidative conversion of methane . They both reported that the first step consists

of contacting methane with dispersed metallic particles leading to hydrocarbonaceous
residues, which in the second step are hydrogenated off yielding higher hydrocarbons. The
two groups’ procedures differ in the following ways: (1) the relative temperature of the
first step and (2) the partial pressure of methane applied. The van Santen group use a two-
temperature cycle. Dissociative methane adsorption takes place on a silica supported
transition metal catalyst (Ru, Rh or Co) at 700 K, and then hydrogenation is carried out
below 400 K and at atmospheric pressure. The Amariglio group carry out the two-step

procedure under isothermal conditions and at a moderate temperature on Pt (including

EUROPT-1), Ru and Co, e.g. 533, 433 and 553 K respectively, using methane and

(12, 14]

hydrogen sequentially at atmospheric pressure Under the conditions applied,

thermodynamics prevent the direct formation of ethane (as well as, propane and butane,
which are also products of the reaction) from methane, therefore to avoid this
thermodynamic limitation, van Santen and co-workers operated the process at two different
temperatures“”. The Amariglio group overcame the thermodynamic limitation in the
isothermal process by removing hydrogen from the surface in the first step at low
pressures, where high flow rates of methane were used, and then supplying it in the
hydrogenation step at 1 bar. van Santen and co-workers suggested that methane first
dissociated on a precious metal to form a carbide and hydrogen, then the carbide is
hydrogenated to form hydrocarbons. In this case C-C bonds were suggested to form
during the hydrogenation step!'¥.  Temperature-programmed surface reaction (TPSR)
carried out after the chemisorption step showed that there were three different types of
carbonaceous species on the surface. The highly active C, phase was held accountable for
the formation of higher hydrocarbons. C, which was unreactive, and gas-graphitic in
nature, had a tendency for methane formation at higher temperatures. Cghad intermediate
activity producing mainly methane with very small amounts of C;+ hydrocarbons.
Amariglio and co-workers suggested that C-C bonding could take place between H-
deficient CH, formed during the first step of methane chemisorption, while hydrogen

saturated the C, precursors in the second step and removed them from the surface'>'8)

This two-step route has been found to be possible over many oxide or zeolite supported
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transition metal and bimetallic catalysts, such as Cu-promoted Rh/SiO,, and Co-PtNaY'"™
21 Solymosi et al. demonstrated that a Cu-promoted Rh/SiO, catalyst resulted in an
enhanced formation of C;He¢ and that higher hydrocarbons were observed in the two-step

process.”'.

Regardless of all the considerable research efforts driven towards two-step CHj
homologation, its low efficiency is the main limitation to further developing it as a

commercial process' !, Nevertheless, these studies increased the knowledge of methane

catalytic chemistry.

Thermodynamically, it is more favourable to convert methane into aromatics than it is

olefins, as shown in Figure 1.1-2, reproduced from reference'' .

100
< 80-
S
£ 50 - -a- CH4=C + 2H2
2 —-6CH4= C6H6 + 9H2
5 —&-2CH4= C2H4 + 2H2
-
S 40 -
Z
L
>
-
Q
O 20 -

0 -

500 600 700 800 900 1000 1100

Temperature (K)

Figure 1.1-2 Thermodynamics of direct conversion of methane under non-oxidative
conditions.

The preparation of a multi-functional catalyst in order to prevent the use of a two-step
process has been proposed by several research groups. A patent filed by Mitchell and
Waghome indicated that if methane was passed over a M/M'O,/M"0O multi-component
catalyst where M is a precious metal, M' is a VIB element, and M" is an IIA element, at
977 K for 30 min, benzene could be detected*”). More recently benzene has been seen to

be produced by the dehydrogenative coupling of methane without the use of oxygen in the
feed gas over a Pt-SO4/ZrO; c:a.talyst[23 5

In the early nineties, Wang and co-workers reported on the dehydroaromatisation of

methane (MDA), for the formation of aromatics (mainly Ce¢Hg) under non-oxidising
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conditions in a continuous flow reactor on Mo/H-ZSM-5 catalysts** and this system is

described in more detail below.

1.2 Dehydroaromatisation of

methane under non-

oxididative conditions

1.2.1 Introduction

The MDA reaction, which is generally run at ambient pressure and temperatures of ca. 973
K and above, is equilibrium limited with the limit of conversion being 11.5% at
atmospheric pressure and 973 K'*!. As well as producing aromatics, MDA also produces a

significant amount of hydrogen per benzene molecule produced, as shown in Equation 1-1.
6CH, — CsHg + 9H,; Equation 1-1

In certain niche applications, this reaction could be of interest as an alternative to the
conventional route to hydrogen, methane steam reforming, Equation 1-2, which 1s highly

endothermic and 1s usually operated at 1173 K:
CH; + H,O — CO + 3H; Equation 1-2

Since the initial reports of the MDA reaction by Wang et al. there have been many other
research groups interested in this reaction and promising progress has been made, mainly

26-29 (32) (33, 34]

by the groups ot Lunsford®%?! Ichikawal®% ! Solymosi“*' and Iglesia

The most important findings of the reaction to date are summarised below:

1. MoOs/H-ZSM-5 is a bi-functional catalyst, with both the Mo and zeolite
components very necessary for the MDA active catalysts.

2. There is an induction period in the early stages of the reaction.

3. Carbonaceous deposits are formed during the reaction, which lead to catalyst
deactivation.

4. Various strong interactions occur, such as, those between the framework Al of the
zeolite and the Mo species.

In the early stages of research in MDA Xu et al.**Jand Lin et al.””! used the GC analysis

method to monitor the exit stream using flame lonisation and thermal conductivity
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detectors. Both research groups ignored the carbonaceous products, which were formed

during the reaction. However, at a later date, Lunsford et al. quantitatively corrected for
29)

coke formation using N> as an internal standard!

1.2.2 Catalyst choice and preparation

The catalysts employed in MDA are generally zeolite supported. Wang et al. reported that
methane could be converted to benzene with a selectivity of 100% and a conversion of
1.4% over the zeolite H-ZSM-5. Furthermore, they demonstrated that by loading the
zeolite with Mo or Zn cations that the methane conversion was greatly enhanced"*.
Mo/H-ZSM-5 is a bi-functional catalyst since both the Mo species and the Bronsted acid
sites of the zeolite are necessary components of an active catalyst. Although the zeolite H-
£LSM- 5 does show a little activity for MDA this activity is greatly enhanced with the
incorporation of molybdenum. It has been shown by Ichikawa et al. that the Si0,/AL,O;3
ratio does have an effect on the formation rates of benzene. Maximum activity for MDA is
observed for the H-ZSM-5 supports with SiO,/Al,Os ratios of ca. 40°°. Wang et al. were
the first group to report the production of hydrocarbons other than benzene including

naphthalene and toluene'*”’.

Generally all research groups have prepared the Mo/H-ZSM-5 catalyst by the impregnation
method using (NH4)sMo0-0,4.4H,0 as the precursor'''). It is believed that when the
catalyst i1s calcined, the Mo containing 1ons, which are present on the external surface of
the zeolite from the previous stage of impregnation decompose into MoOjs crystallites.
Some of these crystallites migrate into the channels of the zeolite and interact with the
Bronsted acid sites. The appropriate temperature for the catalyst calcination 1s reported as
773 K to allow the migration of Mo ions and interaction with Bronsted acid sites' ',

Recently, a Mo/H-ZSM-5 catalyst for MDA was prepared by microwave heating[37]. [t
was reported that catalysts prepared by microwave heating exhibited a greater selectivity
towards benzene than catalysts prepared by conventional heating methods. They attributed
the better catalytic performance for catalysts prepared by microwave heating to more Mo
species being located on the outer surface of the catalyst. The tindings of this study are

contrary to the idea that shape selectivity 1s important™®, the shape selectivity of MDA

catalysts is described in more detail later.

Since the MDA reaction was first reported there have been many transition metal ions that

have been tested for methane activity, including, Mo, W, Fe, V, Cr, Re, Cu and Zn. The
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most etfective metal ion precursor for the zeolite is molybdenum and the trend in activity

in methane conversion is as follows: Mo> W> Fe> V> Cr'*”), Mo/H-ZSM-5 has been the

most well studied catalyst for MDA. It has been reported that the most favourable loading
of MoO3; on ZSM-5 tfor MDA is in the range of 2-6 wt.% MoOs loadings greater than 6%

lead to blockage of channels and dealumination of the zeolite and therefore a loss in

catalytic activity!' ',

MDA catalysts are in general prepared by impregnating the transition metal ions onto the
zeolite support. Weckhuysen et al. demonstrated from x-ray photoelectron spectroscopy
(XPS) that transition metal suboxides are formed in all impregnated samples, except,
Mo/H-ZSM-35. For this catalyst Mo,C was observed. The authors concluded that different

transition metals will have different active phases that are responsible for the reaction'”®.

From reviewing the literature, many research groups agree that H-ZSM-5 1s the best
support for MDA. However recently, Bao et al.””! have reported that Mo/H-MCM-22
catalysts prepared by the impregnation method showed better catalytic performance with
higher benzene selectivity (ca. 80% in maximum) as well as a better tolerance to

carbonaceous deposits, as compared with the Mo/H-ZSM-5 catalyst.

Zhang et al. have studied methane aromatisation over Mo-based catalysts supported on
different types of zeolites, zeotypes and mesoporous materials®>. They found the

activities of various Mo modified catalysts to be in the following order:

Mo/H-ZSM-11 > Mo/H-ZSM-5 > Mo/H-ZSM-8 > Mo/H-f > Mo/H-MCM-41 > Mo/H-
SAPO-34 > Mo/H-mordenite ~ Mo/H-X > Mo/H-Y > Mo/H-SAPO-5 > Mo/H-SAPO-11.

Zhang et al. linked the catalytic performance to the structure of the zeolites and came to the
conclusion that silica-alumina zeolites with two-dimensional structures and a pore size
near to the dynamic size of benzene (0.59 nm) are good supports tor Mo-based catalysts 1n
MDA. They report that materials with pore diameters smaller than that of benzene, such as
SAPO-34, are not able to hold benzene in their channels. This results in the active phase
for methane aromatisation only being supplied to the external surface, resulting in more
ethylene being produced and the selectivity of benzene being lowered. Solymosi et al.
have studied catalysts prepared from different molybdenum precursors (MoQOs, Mo,C,
K>MoQ; and MoQ,) and supports (HZSM-5, Al;Os, S10,, MgO and Ti0;) 32, 491 They
found that a K:MoO4/HZSM-5 catalyst exhibited lower methane conversion than the
MoO3/HZSM-5 catalyst. From studying the various supports they found the best support
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was HZSM-5 and that the method of catalyst preparation affected the performance

dramatically.
1.2.3 Induction period

It 1s well accepted that at the early stage of the MDA reaction that there is an induction
period before the aromatisation occurs where molybdenum oxide species are reduced by
methane into Mo,C and/or MoOC,'". The research groups of Solymosi and Lunsford
showed by XPS that it is Mo " ions that are reduced by methane which lead to these new
species and that they are accompanied by the deposition of carbonaceous cokes. They
suggested that molybdenum carbide provides the active site for ethylene formation from
methane, while the acid sites of the zeolite catalyse the subsequent conversion of ethylene
to benzene. It was suggested that the molybdenum carbide species are most likely highly
dispersed on the outer surface and that some of them reside in the channels of the zeolite.

After the 1nitial induction period, a benzene selectivity of 60-65% at a CH4 conversion of

7-12% was achieved with the Mo/H-ZSM-5 catalyst'*” > %]

It 1s thought that Mo,C is the species responsible for the activation of methane. Ma et al.
carried out temperature programme surface reaction studies on cobalt catalysts supported
on H-MCM-22 and Mo catalysts supported on T10,. They were able to show that neither
catalysts were capable for complete MDA since, Co/H-MCM-22 does not have the unique
properties shown by Mo,C to activate methane while Mo/T10, cannot complete the
aromatisation reaction as 1t does not contain any Broensted acid sites, which are crucial in
MDA reactions””. Mo/H-MCM-22 was reported to have a longer catalytic lifetime than
Mo/H-ZSM-5, which was attributed to 1its stronger ability to accommodate more
carbonaceous deposits than Mo/H-ZSM-5. Mo/H-MCM-22 also undergoes an induction
period where the Mo species are transformed into molybdenum carbide during the

induction period. Therefore this group used Mo/H-MCM-22 as an alternative to Mo/H-
ZSM-5 to investigate this activation study.

Using in-situ 'H MAS NMR spectroscopy to study proton species over Mo/H-ZSM-5, Bao
et al. reported that when the temperature of the MDA reaction was at or below 873 K, only
a small decrease in the Bronsted acid sites could be observed™'). However, after increasing
the temperature to 973 K, the colour of the catalyst changed from blue-white to black,
indicating the formation of molybdenum carbide (or coking). Along with this observation,

the intensity of the signal of Bronsted acid sites at ca. 4.0 ppm decreased dramatically
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instead of increasing. This was reported as confirmation that the Mo species keep in

contact with the framework Al through two oxygen bridges.

Ichikawa and co-workers investigated the active structure of the Mo/H-ZSM-5 catalyst
using molybdenum K-edge EXAFS"®), Their studies indicated that the molybdenum oxide
species are highly dispersed in the internal channels of H-ZSM-5. They also showed that

the zeolite supported molybdenum oxide is converted with methane at ca. 955 K to

molybdenum carbide (Mo,C) clusters.

Iglesia et al"*? prepared a Mo/H-ZSM-5 catalyst by the solid-state reaction method and
studied the location and change of the Mo species during the preparation process in more
detail. The catalyst was made by this method rather than the conventional method of
impregnation for this study as it is reported to be easier to determine the location of the Mo
species. They reported that MoO, species migrated onto the external surface at ca. 623 K.
Then at temperatures between 773 and 973 K, the Mo species migrated into the channels of
the zeolite via surface movement and gas-phase transport, exchanged at the acid sites and
reacted to form water. They assumed that each Mo atom replaced one H™ during the
exchange, based on the amount of water that was evolved during the exchange process and
the number ot residual OH groups detected by isotopic equilibration. Using this
stoichiometric measurement along with requirement of charge compensation, Iglesia
proposed that the exchanged species consisted of a ditetrahedral structure of (M0205)2+,
which iInteracts with two cationic exchangeable sites. It was reported that the
(Mo0,0s)*"species are reduced by methane at the initial stage of the reaction and form small
MoC, clusters. Iglesia and co-workers used near edge X-ray absorption to characterise the
Mo species on Mo/H-ZSM-5 treated under various conditions. They estimated that the

MoC, clusters are ca. 0.6 nm in diameter and contain about 10 Mo atoms.

It is commonly agreed that there is an induction period in MDA, where Mo species are
reduced by methane to molybdenum carbide, mainly yielding H,O, CO, CO; and H,. After
the induction period, CO and light hydrocarbons 1.e. ethylene and ethane, along with

benzene, toluene and naphthalene are formed.

1.2.4 Carbonaceous deposits and deactivation

Carbonaceous deposits are formed during the MDA reaction. These carbonaceous deposits
are a major obstacle for further process development. Lunsford et al. observed surface

carbon using XPS"“®. They saw three different types of surface carbon on an active Mo/H-
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£ZSM-5 catalyst; these are described in more detail in Chapter 4. The authors reported that
the carbon species that gradually covers both the surface of the zeolite and the
molybdenum carbide phase formed during methane activation is a hydrogen-poor sp
hybridisation or pre-graphitic-type of carbon, and suggest that chains of the type

—(C=C),— may be precursors in the formation of graphite. This type of carbon is stated

to be responsible for catalyst deactivation in MDA.

A °C MAS NMR study carried out by Xu et al. details the carbonaceous deposits formed
on Mo/H-ZSM-5 after the MDA reaction'*’!. They report that there are two kinds of
carbonaceous deposits. The first kind is located on the acid sites of the zeolite and lowers
their quantity. The acid sites are stated to be necessary for the transformation of ethylene
into aromatics. The second kind is located on partially reduced molybdenum species,

which are responsible for the activation of methane and the formation of ethylene'*’.

Since the study by Xu et al. was reported, other similar studies have been reported.
T'emperature-programmed surface reaction (TPSR) of CH,, temperature-programmed
reduction with H; (TPR), temperature-programmed oxidation (TPO), temperature-
programmed reaction of CO; (TPCO;) and thermal gravimetric analysis (TGA) have all
been used to characterise the carbonaceous deposits on Mo/H-ZSM-5 and Mo/H-MCM-22

[44-46]

after reaction . These studies conclude that there are at least three different types of

coke: carbidic coke in molybdenum carbide, molybdenum-associated coke and aromatic-
type coke on acid sites. Post-reaction treatment with H; and CO, demonstrated that H,
may only react with coke which is burnt off at high temperatures in the TPO experiment,
whereas CO; is able to remove both low and high temperature carbon deposits. It was also
suggested that TPR followed by TPCO,, or TPCO, tfollowed by TPR can both only

partially reduce the amount of coke on a Mo/H-ZSM-5 catalyst'**,

Lunsford et al. reported that the pre-formation of Mo,C on H-ZSM-5, without an
associated coke deposit, did not fully eliminate the induction period. On this basis, they
suggested that the clean surface of Mo,C might be too reactive to form higher
hydrocarbons and therefore that a coke modified Mo,C surface may be the active species

in the formation of ethylene[zg].

Recently, Zhang et al.*’! carried out an investigation on the coke accumulation and
deactivation of Mo,C/H-ZSM-5 in MDA. This study was conducted using a physically

separable Mo0,C/a-Al,O3 and H-ZSM-5 mixture. From TGA analysis of the post-reaction
samples, they showed that the build-up of coke occurred mainly on H-ZSM-5. They
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concluded that the coking which reduces the activity and selectivity of the Mo,C/H-ZSM-5
catalyst in MDA is largely present on the Bronsted acid sites of the zeolite.

On the basis of the literature, it can be summarised that there are different types of carbon
deposits formed in MDA and they affect the catalyst in different ways. These are,
molybdenum carbide, which is formed during the induction period and is widely believed

to be responsible for the activation of methane, CH, associated with Mo,C, and finally the

formation of coke, which leads to catalyst deactivation.

A recent publication by Lin and co-workers has shown that the coke formation on Mo/H-
ZSM-5 can be etfectively inhibited by hydrothermal post-synthesis of H-ZSM-5“*). The

hydrothermal post synthesis treatment was reported to develop mesopores in the parent H-

ZSM-5 along with decreasing the acidity of H-ZSM-5.

Ichikawa et al.*” have shown that Mo/H-ZSM-5 can be regenerated after the MDA
reaction by treatment using NO in air (1/50 vol/vol). They demonstrated that this
procedure increased the removal of coke compared to when NO/N; was used to regenerate
the catalyst. They found that when using NO/air that all the coke could be removed from
the catalyst 100 K lower than when NO/N, was used. They proposed the tfollowing

mechanism for the regeneration:
2NO + 02 — 2N02

NO, + [coke] — NO + N;0 + N, + CO; + H,0

1.2.5 Interactions between the TMI component and the zeolite

support

As both the calcination and reaction temperatures are high at ca. 773 and 973 K
respectively, several interactions between the zeolite and the TMI components may occur
during the preparation stages and during the reaction itselt. These include interactions
between Mo species and acid sites, between Mo species and framework Al of the zeolite,
the reduction of molybdenum species by methane and the carbonaceous deposits which are

formed during the reaction. The latter two were described previously.

The interaction between the Mo species and the zeolite can be split into two. Firstly there

is the interaction between molybdenum and the acid sites of H-ZSM-5, and secondly there
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1s the interaction between molybdenum and the framework Al of H-ZSM-5. A study
carried out by Xu et al. using XRD and BET measurements on the Mo/H-ZSM-5 catalyst
revealed that the molybdenum species are highly dispersed in the channels of H-ZSM-S5,
resulting from the interaction between the molybdenum species and the zeolite!**. They

also reported that this interaction led to a decrease in the crystallinity of the zeolite

component of the catalyst.

The same group also investigated the interaction at different stages of catalyst preparation
using FTIR spectroscopy, differential thermal analysis (DTA) and NH;-TPDPY °Y, They
reported that 1f Mo/H-ZSM-5 was calcined at an appropriate temperature such as ca. 773
K, the Mo species would interact with the Bronsted acid sites and some of them would
move into the channel. If the calcination temperature is too high, such as ca. 973 K, then a
strong interaction occurs between the Mo species and framework Al. This was reported to
result in the formation of MoO4”" species, which are stated to be detrimental for methane
activation. Xu et al. also studied the active molybdenum species by combining the
aqueous ammonia extraction method with XRD, BET, NH;-TPD and TPR. They reported
that the specific surface area decreased with increasing Mo loading and that the Mo species
prefer to deposit on the strong acid sites of H-ZSM-5"". The aqueous ammonia extraction
results indicated that there are several kinds of Mo species deposited on the surface 1.e.

octahedrally coordinated MoQOs crystallites, Al,(M00O4); and MoO4* species.

Xu et al. went on to further study this interaction using *’Al and *’Si MAS NMR""). Their
results revealed that there is a strong interaction between the framework Al ot H-ZSM-5
and the Mo species. It was shown that the framework Al in the zeolite could easily be
extracted by the introduction of molybdenum species, and that the extractability was seen
to increase with increasing molybdenum loading and calcination temperature. If the
calcination temperature and/or molybdenum loading were too high then the entire

framework Al of the zeolite would be extracted so that the catalyst would deactivate.

NH;-TPD studies have demonstrated that after the introduction of Mo species onto H-
ZSM-5 that a new type of acid site develops[sz]. Lin et al. studied the structure of Mo/H-
7ZSM-5 catalysts with various molybdenum loadings using XRD, IR, TPR and NHj3 uptake
experiments”™. They reported that both the BET surface areas and the acidity of the

catalyst decreased with an increase in Mo loading.

Using FTIR, Lunsford and co-workers have reported that after the introduction of Mo

species onto H-ZSM-5, the impregnated Mo species are located in the vicinity of the
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[27, 29)

hydroxyl groups . Howe and co-workers conducted a study comparing Mo/H-ZSM-5
catalysts as prepared, calcined at 773 K and/or 973 K and after reaction using FTIR, *’Al
and ’Si MAS NMR and Mo K-edge EXAFS experiments™’. They found evidence for
migration of Mo species into the zeolite pores from comparing the infrared spectra in the
V(OH) region. Impregnating their H-ZSM-5 sample with ammonium heptamolybdate
caused some attenuation of the 3740 cm™ band, which confirmed the location of the
initially adsorbed molybdenum on the external surface of the zeolite. EXAFS

measurements at the Mo K-edge revealed that the Fourier transforms of the EXAFS from

the three samples were all different.

It 1s clear from the findings mentioned above that there is a significant interaction between
Mo species and the H-ZSM-5 zeolite and that these interactions have a crucial effect on the

catalytic performance.

1.2.6 Pre-treatment and additives

As previously mentioned, during the MDA reaction coke deposition on the catalyst occurs.
The conversion of methane rapidly reduces after a couple of hours due to the coke deposits
on the catalyst. There have been several attempts to improve the catalytic activity either by
modifying the catalyst itself or by altering the reaction conditions, 1.e. by the inclusion ot
additives in the feed gas. These alterations made, are only brietly described in this section

as they are described in the introductory sections in more detail in the subsequent chapters

of this work.

To suppress the coke formation on Mo/H-ZSM-5, Ichikawa et al.”* have conducted

experiments where 5.4% H, and 1.8% H>O have been added to the methane feed gas.
They found that when H, and H,O were added together to the methane feed that there was

a greater suppression of coke compared to when H; or H,O were added separately.

Ichikawa et al. showed that by incorporating an additional metal 1on, for example, Fe or

Co, into Mo/H-ZSM-5 that the catalytic activity can be enhanced. Another modification of
MDA that optimises the reaction is addition of CO and/or CO; 1n the methane feed”".
TPO experiments were used to demonstrate that addition of CO or CO; in the methane

; 56
feed reduces the amount of coke formed on the catalyst’s surface™®.

Recently, Iglesia and Lacheen b7l have demonstrated that the stability of MoC,/H-ZSM-5

catalysts can be improved by adding CO; to the methane feed gas in low concentrations.
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They propose that CHy4 reacts with CO; exclusively at the beginning of the bed, this

reaction occurs via scavenging of surface C* and inhibits C-C bond formation. After CO;

Is completely consumed, pyrolysis products are formed at lower yields as a result of H,
formed in the CO,-CHj, section, H, was suggested to increase the rate of hydrogenation of

surface species preventing formation of carbonaceous deposits.

1.2.7 Active sites and proposed reaction mechanisms

Currently, there is not a thorough understanding of the reaction mechanism of MDA.
However, there have been several kinds of active sites and reaction mechanisms proposed.
In the first report of MDA, by Wang and co-workers it was suggested that the activation of
methane over H-ZSM-5 and Mo/H-ZSM-5 was initiated via the carbenium ion mechanism,

with Mo"" species or protonic sites acting as a hydride acceptor:
CH4 + Mo"' — CH;" [Mo-H]Y
CH; + H (s) — CH;3" (s) + H,

Xu et al. suggested that ethylene was the intermediate of the reaction, which further

[24, 25]

oligomerised to form benzene From XPS measurements they showed that

molybdenum 1ons in the fresh catalyst were in the +VI valence and that during the MDA

reaction, reduction of Mo"' to Mo" to Mo ' occurred. Xu et al. subsequently proposed the

following reaction mechanism:

1. In the initial stage, methane conversion involving heterolytic dissociation of the C-H

bond:
Mo" (=0); + H*—CH;° " — Mo " (=0); + H + CH3" (1)
2. Ethylene formation involving Mo active sites in either +IV or +V oxidation state:
OH + Mo " (=0); — Mo ' (=0)(-0"), + H; (2)
Mo"(=0)(-0); + CH;" — Mo (=0)(-O")(-OH)(=CH_) 3)
Mo"(=0)(-0")(-OH)(=CH,) + CH;" — Mo" (=0)2(-OH)(-C,Hs)  (4)

Mo" (=0)-(-OH)(-C,Hs) — Mo""(=0)(-OH), + C,H, (5)
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The 1nitial induction period before the formation of benzene was also noticed by Wang and
co-workers®*). They proposed that a Mo phase transformation took place at the early stage

of the reaction and that the new Mo phase was perhaps molybdenum carbide. They

subsequently proposed the following mechanism:

CH, — C + 2H; (1)
MoO; + Hy — MoO, + H,O (2)
MoO3; + 3C — MoC + CO + CO, (3)
MoO; + 3C — MoC + 2CO (4)

Lin and co-workers suggested that the conversion of methane was catalysed by the Mo
species inside the channels of H-ZSM-5 together with the strong acid sites of the zeolite'**
It was reported that this process would form CHs free radicals, which would dimerise to

form C; hydrocarbons. Then ethylene could cyclise to form benzene with the aid of

protons of H-ZSM-5:

MoOx/ H'
CH, ’ CH; +H (1)
, MoOx
2CH; ——m8@8@8™» (C;Hs; + H (2)
H+
3C,Hs —» Ce¢Hs + 3H> (3)

Solymosi et al.’* °* examined a MoO3/SiO; catalyst and deduced that in the first stage of
the MDA reaction that CO, CO, and H,O were produced from the reduction of MoOs:

3Mo0O; + CH4 = CO + 2H,0 + 3MoO (1)
4MoO; + CH,4 = CO; + 2H,0 + 4MoO; (2)

These reactions are then followed by the dehydrogenation of methane on the partially

reduced catalyst:
CH,4 + O(s) = CH; + OH(s) (3)

20H(s) = H,0 + O(s) (4)
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or decomposition of methane,

2CH; = C,H; (5)
2CH, = C,H,4 (6)
C,;H,; + CH; = C3H; (7)
C;H;+ H = C3Hg (8)

Solymosi and co-workers believed that ethane was the key intermediate for the formation
ot benzene, which was dehydrogenated to ethylene on the catalyst surface. In further
studies, examining a K;MoO4/H-ZSM-5 catalyst, they suggested a similar mechanism.
However, they proposed that the coupling of CH, species was the main reaction pathway
in the ethylene production. Using XPS they showed that Mo,C was formed on the used
catalyst and they regarded this as the active site. They also investigated the catalytic
pertormance of unsupported and supported Mo,C and suggested that, as well as Mo,C, the
presence of some other Mo compounds i.e. MoO,, were also required for methane

activation and for the formation of ethylene from CH, fragments'*"".

Pierella and co-workers carried out an investigation on the conversion of pure methane and

[59]

natural gas with different purity of aromatic hydrocarbons They proposed that pure

methane was converted to aromatics over Mo containing catalysts via the following

schemes:
CH, + Mo/H-ZSM-5 — CH;" + [Mo-H]**/H-ZSM-5 (1)
CH;" + Mo/H-ZSM-5 — Mo=CH,/H-ZSM-5 (2)
Mo=CH, + CH; — C,H¢ — aromatics (3)
Mo=CH, + Mo=CH, — C,H4 — aromatics (4)
Mo=CH, — coke (5)

CH; + coke + Mo/H-ZSM-5 — aromatics (6)
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They proposed that for natural gas containing some hydrocarbons that the main reaction

mechanism could be as follows:

C,+ hydrocarbons + Mo/H-ZSM-5 — C,, carbenium ions (1)
CH4 + C;+ carbenium ions — aromatics (2)
C,+ carbenium ions — coke (3)
CH4 + coke — aromatics (4)

Ichikawa et al. showed using Mo K-edge EXAFS and TG/DTA/Mass techniques that
molybdenum oxide on H-ZSM-5 was converted by methane at 923 K to molybdenum
carbide clusters with the evolution of H, and CO[6O], then C¢Hg, CioHgz and C,Hs were
formed. These results suggested that molybdenum carbide on Mo/H-ZSM-5 is an active
species for the catalytic methane aromatisation. Ichikawa and co-workers proposed that
methane 1s activated on molybdenum carbide sites to form CH, and C, species, which may
migrate at the interface of the ZSM-5 acidic support, followed by the aromatisation of the

C, intermediates to form benzene, toluene and naphthalene.

To summarise, it has been shown that there have been several proposed mechanisms for
MDA. From the suggested mechanisms it can be seen that, in particular, the elementary

reaction pathways are speculative. Currently, there is not any direct experimental evidence

for these proposed mechanisms.

1.3 Zeolites

The following section has been included 1n this chapter so as to give a general background

on zeolites. H-ZSM-5 is one of the main components of the MDA reaction and is

extensively investigated in this thesis. Therefore, it 1s appropriate to give some detailed

information about zeolites in general.

Zeolites are microporous crystalline aluminosilicate solids with well-defined structures. In
general they consist of silicon, aluminium and oxygen 1n their framework and cations,

water and/or other molecules within their pores. Zeolites are complex, they comprise of an

infinitely extending 3-dimensional four connected framework of AlO,4 and SiO, tetrahedra

linked by the sharing of oxygen atoms. Each AlO4 has a net negative charge and is
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balanced by a cation. The primary structural units, AlO,4 and SiO, join together to form a

wide variety of cages and rings known as secondary-building units, (SBU)'°"). SBUs found

In zeolite structures are shown in Figure 1.3-1 taken from referencel®?

The final zeolite structure comprises of grouping of the SBUs. It is the way 1n which these
SBUs join together that give rise to the vast number of different zeolite frameworks that

exist. The framework structure of zeolites with types ZON (ZAPO-M1), PAU (Paulingite)

and VFI (VPI-5) framework are shown in Figure 1.3-2 taken from reference!®’,

Figure 1.3-1 Secondary-building units found in zeolites'**.

Figure 1.3-2 ZON (ZAPO-M1), PAU (Paulingite) and VFI (VPI-5) framework

structures'®.
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T'he framework of zeolites contains channels and pores with molecular dimensions. The

pore sizes range from 0.3-0.8 nm and subsequently zeolites are classified according to their
pore dimensions. The pore dimensions of a few well-known zeolites are shown in Table

1.3-1, taken from reference'®*..

Zeolite Pore Dimensions, nm

Erionite 0.36 x 0.52
Zeolite A 0.41

LSM-5 0.51 x 0.55
Faujasite 0.74

Table 1.3-1 Selected zeolites and their pore dimensions'®*.

These pore dimensions enable zeolites to be used for specific applications. The principal
applications are 10on exchange, desiccants, gas filtration, cracking for gasoline products and

shape selective catalysis'®*.

Although zeolites are classified according to their pore dimensions they can be further
classified depending upon their Si/Al ratio. With increasing Si1/Al ratio the stability of the
crystal framework increases. Moreover, a zeolite 1s more stable in the presence of a

concentrated acid when the Si/Al ratio 1s high compared to those with low Si/Al ratio and

: : : 64
vice versa for basic solutions'®*.

1.3.1 Zeolites — natural and synthetic

There are two classes of zeolites. The first class of zeolites occur naturally as minerals.
Natural zeolites possess many applications ranging from gas adsorption, ion exchange to
water treatment. For example, clinoptilolite, formed trom the devitrification of volcanic
ash in lake and marine water millions of years ago, has a channel size which enables it to
act as a molecular gas sieve and selectively adsorb toxic gases such as ammonia. The
second class are synthetic. These include, ZSM-5 which was developed by Mobil Oil in

1972!%) and has many applications ranging from a catalyst in organic reactions to

petroleum refining'®'’.
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1.3.2 H-ZSM-5

While there are many zeolites and zeotypes, one of the most well known is ZSM-5. The

structure 1s referred to as pentasil based, this is because the tetrahedra combine to form a

ring consisting of five oxygen atoms (pentasil units). These five ring-building units lead to

61]

the lattice structure arranged in a ten-ring way'®'’. The 3-dimensional structure of ZSM-5

is shown in Figure 1.3-3 taken from reference'®’.

Figure 1.3-3 3D structure of ZSM-5'%),

The pore structure of ZSM-5 is shown 1n Figure 1.3-4, taken from reference'*®, there is a

set of linear pores having diameters of 0.51 x 0.56 nm, which are perpendicular arranged to

zigzag pores with a diameter of 0.54 x 0.56 nm.

Figure 1.3-4 Schematic representation of the intracrystalline pore structure of ZSM-5'°°.
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1.3.3 Zeolites and catalysis

At present, one of the most important applications of zeolites is catalysis. Zeolites as
catalysts are advantageous since they have a high density of catalytic sites and are stable to

high temperatures, with decomposition temperatures ranging from 700 to 1300°C.

One of the beneficial properties of zeolites as catalysts is their acidic properties. The
catalytic activity of decationised zeolites is attributed to the presence of acid sites arising
from the AlO, tetrahedral units in the framework. These acid sites can be either of the
Bronsted or Lewis type. The synthesis of zeolites is normally conducted using Na' ions
for balancing framework charges, but these can easily be exchanged for protons by
reaction with an acid. This results in the formation of surface hydroxyl groups, i.e. the
Bronsted sites. However, if the zeolite is not stable in an acid environment, it 1S common
that NH4 forms, heat is supplied to drive off the ammonia, additional heating removes
water from the Bronsted sites, which leads to the formation of the Lewis acid sites. A
scheme for the formation of these sites is shown in Figure 1.3-5, taken from reference 4]
The surface of zeolites can therefore display either Bronsted or Lewis acid sites or both

depending on how the zeolite has been prepared "

Zeolite as synihesised
Nat Na*
O O O @ O @ O
51 &1 51 S1 Al 51
= Hoad b o Twg g o R

(or ammonium ion exchange
followed by heaiing)

Bronsted acid form of zeoliie _
I b @

o’/ }3 o/ \o o’f \o o/ b B \0 o’/ \o

s _HQO
8,0 l l theating above 500°C)

Lewis acid form of zeohte
O QO O O O _"_O
S1 Al S1 S1 Al Si
LS ¥ N /S N 4 A P g N
O/ \O O/ O D Q.- (e o) & S 0O

Figure 1.3-5 Scheme for the generation of Bronsted and Lewis sites in
zeolites'*".
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Some of the most important reactions in which zeolites can act as catalysts are acid-
catalysed cracking, isomerisation and hydrocarbon synthesis. They can support an
extensive range of catalytic reactions including acid-base, metal induced, as well as
oxidative and reductive reactions. Underpinning all these reactions is a zeolites* ability to
act as a shape selective catalyst, which makes them so remarkable as catalysts. This type
of reaction involves the unique microporous nature of the zeolite, where a steric influence

is applied to the reaction by the shape and size of a particular pore system. These reactions

take place within the internal cavities of the zeolite'" *%).

Zeolites can exhibit three different types of shape selective catalysis, reactant-selective,
product-selective and transition-state-selective catalysis. Reactant selective catalysis 1s
when only molecules with dimension less than a critical size can enter the pore of zeolites
and reach the catalytic sites. Product-selective catalysis is when only products less than a
certain dimension can leave the active sites and diffuse out through the channels.
Transition-state-selective catalysis is when certain reactions are prevented because the
transition-state requires more space than is available in the cavities'®”. The three types of
shape selective catalysis that a zeolite can exhibit are shown schematically in Figure 1.3-6,

reproduced from reference'®*.
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Figure 1.3-6 Shape-selective catalysis: (a) reactant (b) product and (c) transition state.

Shape selective xylene isomerisation can be carried out using the zeolite, ZSM-5°"). ZSM-

5 contains channels, which permits molecular diffusion if the size of the molecule is

suitable. Figure 1.3-7 taken from reference

[64]

, 1llustrates the property of zeolites which

leads to them commonly being called molecular sieves. For example, it can be seen from

the figure that iso-paraffins are too large to enter the pores of zeolite A, whereas, straight

chain paraffins fit.
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1.4 Summary

As previously mentioned, the conversion of methane into more desirable chemicals is an
area of immense interest as a consequence of its high relative abundance. However, its
stability makes any conversion process challenging. In the future it is most likely that the
world will move away from a fossil fuel era and into a hydrogen economy. Thus in the
meantime 1t is useful to build a link between the fossil fuels and hydrogen by producing

hydrogen (which is a clean burning fuel) from methane (which is a greenhouse gas).

The direct conversion of methane under non-oxidising conditions can be seen as a pathway
which bridges the fossil fuel energy era with the incoming hydrogen energy era since
hydrogen 1s a product of methane conversion along with other basic chemicals such as,

benzene. Therefore the development of MDA is a potentially important process for

hydrogen production, together with aromatics.

Substantial effort has been undertaken in developing active and selective catalysts for
MDA, although they have almost exclusively concentrated on aromatics production, as
well as understanding the bi-functionality of Mo/H-ZSM-5 and the nature of the
carbonaceous deposits formed during the reaction. It 1s generally agreed that during the
reaction, methane is first activated and dehydrogenated into CH, species, which will
oligimerise into C, species on Mo,C and/or MoO,C, species on the external surtace and/or
in the zeolite channels, these C; species then oligomerise further and cyclise into aromatics
on the Bronsted acid sites of the zeolite. It 1s also well accepted that there 1s an induction

period at the early stages of the reaction, which results in the transformation of

molybdenum oxide to molybdenum carbide.

Catalysts have been observed to suffer relatively rapid deactivation, which has been

attributed to coke formation. One of the major obstacles for a better understanding and for

further development of MDA is the carbonaceous deposits, which are formed during the

reaction.

It is hopeful that with the ongoing research in this area, along with the advancement of
heterogeneous catalysis and materials science in general, that our understanding and

knowledge of MDA will enhance and may lead to the development of an efficient, clean

and commercially available process.
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2 Experimental

2.1 Introduction

The experimental techniques employed in this work are presented in three discrete

sections. These sections are as follows: catalyst preparation, catalytic testing and catalyst

characterisation.

2.2 Catalyst preparation

Several catalysts were prepared for this work, they are predominantly molybdenum oxide

loaded onto the zeolite H-ZSM-5. As mentioned in Chapter 1, the most active catalyst

reported for the MDA reaction tested to date is MoOs;/H-ZSM-5. The standard catalyst
used throughout this project is 3wt%MoOs/H-ZSM-5.

Various modifications have been made to the MoOs/H-ZSM-5 catalyst in this project, such
as varying the precursor of molybdenum oxide, altering the loading of molybdenum oxide,

doping with additional metals and changing the support.

Other catalysts/materials that were prepared for this work were designed to be tested either

independently and/or in conjunction with the standard catalyst.

2.2.1 H-ZSM-5 type catalysts prepared by impregnation

Most catalysts prepared for this work were made by impregnating H-ZSM-5 (Catal, Si/Al
ratio = 40) to incipient wetness with an aqueous solution containing the required metal
cation, precursor salt (for every 1 g of support ca. 1 ml of deionised water was used). The
resultant slurry was slowly dried at 353 K for 24 h before being calcined in air at 773 K for
16 h. Catalysts that have been prepared in this way are listed in Table 2.2-1. The
quantities of materials used in the preparation for ca. 1g of each catalyst are given in Table

2.2-1. These quantities were scaled up depending upon the quantity of catalyst required.

H-ZSM-5 based catalysts containing more than one metal were prepared by consecutive
impregnation. The first stage involved incorporation of the molybdenum component onto
H-ZSM-5 as described above, the next stage involved impregnation with the second metal

precursor salt. After each stage, the resultant slurry was slowly dried at 353 K for 24 h
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betore being calcined in air at 773 K for 16 h. Catalysts that have been prepared in this

way are also listed in Table 2.2-1.

- - ZSM-5

Catalyst Precursors Quantity (g) Quantity

3%Mo0O3/H-ZSM-5 (NH4)¢Mo0,0,4.4H,0 0.0368 0.9800

8.7%M003/H-ZSM-5 (NH4)6M07024.4H20 0.1104 0.9400

14.2%Mo03/H-ZSM-5 | (NH4)¢M0,024.4H,0  0.1840  0.9000

3%Mo00;-Co/H-ZSM-5° (NH4)¢Mo070,4.4H,0, 0.0368 0.9800
Co(NO3),.6H,0 0.0152

3%Mo0;3-Ni/H-ZSM-5° (NH4)sMo070,4.4H,0, 0.0368 0.9800
Ni(NO3),.6H,0 0.0151

3%Mo00s-Al/H-ZSM-5° (NH4)¢Mo070,4.4H,0, 0.0368 0.9800
AI(NO3);.9H,0 0.0196

3%Mo0s-Fe/H-ZSM-5° (NH4)sMo070,4.4H,0, 0.0368 0.9800
Fe(NO3);.9H,0 0.0210

3%Mo003-Ga/H-ZSM-5* | (NH4)sMo070,4.4H,0,  0.0368  0.9800
Ga(NO3)3.xH20 0.0134

3%M003-A§/H-ZSM-5a (NH4)6M07024.4H20, 0.0368 0.9800
AgNO3 0.0088

3%Pd/H-ZSM-5 Pd(NO3)2.xH20 0.0649 0.9350

* dopant metal ion/Mo molar ratio of 0.25
Table 2.2-1 ZSM-5 (Si/Al ratio = 40) based catalysts prepared by impregnation.

2.2.2 H-ZSM-5 type catalysts prepared by physical mixing

MoQ:/H-ZSM-5 based catalysts prepared from physical mixtures were also used in this
work. The catalysts that were prepared from physical mixtures are listed in Table 2.2-2.
These catalysts were prepared by making a mixture of the required amount of H-ZSM-5
(Catal) and molybdenum trioxide (Analar). The catalysts were calcined at 773 K for 16 h.

The quantities of materials used in the preparation of ca. 1g of each catalyst are given in

Table 2.2-2.

Catalyst | Precursors Quantity(g)  ZSM-5

_ . Juantity (g
3%Mo0:/H-ZSM-5 MoOs 0.0300 0.9800
8 7%Mo00:/H-ZSM-5 MoOs 0.0900 0.9400
14.2%Mo0O3/H-ZSM-5 MoOs 0.1500 0.9000

Table 2.2-2 ZSM-5 (Si/Al ratio = 40) supported catalysts prepared by dry mixing.
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2.2.3 Phosphorus containing catalysts prepared by impregnation

T'able 2.2-3 lists phosphorus-containing catalysts that have been prepared for this work.
All of the catalysts were prepared using the incipient wetness impregnation technique (for
every 1 g of support ca. 1 ml of deionised water was used) and using the same drying and
calcination conditions as those given in Section 2.2.1. The quantities of materials used in

the preparation for ca. 1g of each catalyst are given in the table below.

' IR ZSM-5

- Catalyst { Precursors Quantity(g) Quantity

5%P-5%Mo03/ZSM-5* | (NH,)§M070,4.4H,0, 0.0613 0.9800
NH,H,PO, 0.1857

5%P-3%Mo03/ZSM-5° | (NH,)sM070,4.4H,0, 0.0368 0.9800
NH.H,PO, 0.2006
5. 8%P/MOO3 (NH4)6M07024.4H20, 0.8143
NH,H,PO, 0.1857

5.8%P/ZSM-5" NH,H,PO, 0.1857 0.8143

* ZSM-5 (Si/Al ratio = 50) (Zeolyst)
° ZSM-5 (Si/Al ratio = 40) (Catal)

Table 2.2-3 Phosphorus containing catalysts prepared by impregnation.

2.2.4 Non-zeolite supported catalysts

The catalysts prepared for this work, which use supports other than a zeolite are listed in
Table 2.2-4. Al,O; (Aldrich), SiO; (Aldrich) and Zr(OH); (MEL Chemicals) based
catalysts were prepared using the incipient wetness impregnation technique (for every 1 g
of support ca. 1 ml of deionised water was used) with the same drying and calcination

conditions as those given in Section 2.2.1. The quantities of materials used in the

preparation for ca. 1g of each catalyst are given in the table below.

Catalyst <7 ~ Support
o | Precursors =~ Quantity(g) Type C
5%Mo03/ Al,O3 (NH:)eM0:024.4H0 | 0.0610  3-ALO;  0.9390
5%P-5%Mo003/ AL,O; | (NHs)¢M07024.4H,0, | 0.0610  5-Al,O;  0.9390
NH4H,PO, 0.1857
3%Pd/Al,0; Pd(NO3),.xH20 0.0650 5-Al,0;  0.9350
5%Mo03/ZrO; (NH4)¢Mo07024.4H,0 | 0.0610  Zr(OH),  0.9390
3%MOO3/Si02 (NH4)6M07024.4H20 0.0368 SiOz 0.9632

Table 2.2-4 Non-zeolite supported catalysts.
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2.2.5 Externally supplied catalysts

The catalysts listed in Table 2.2-5 were kindly prepared and supplied by Dr. Parida

(Regional Research Laboratories, Bhubaneswar, India). These catalysts were prepared

using the incipient wetness impregnation technique. The catalysts were dried overnight at

383 K and calcined at 773 K for 16 h.

~ Catalyst o Metal Ion
2%Phosphomolybdic-acid/H-ZSM-5 H;PMo0{,049.xH,O
Y%Phosphomolybdic-acid/H-ZSM-5 H3PMo0;2,040.xH,0
10%Phosphomolybdic-acid/H-ZSM-5 H3PMo017,040.xH,0O
15%Phosphomolybdic-acid/H-ZSM-5 H3PMo0,2,040.xH;0
5%SiliCOInOlybdiC-aCid/H—ZSM-S H4SiM012040.xH20
3%Sodium-molybdate/H-ZSM-5 Na;Mo004.2H,;0

5% Ammonium-heptamolybdate/H-ZSM-5 | (NH4)sM070,4.4H,0

Table 2.2-5 Catalysts supplied by Dr. Parida, with Si:Al ratio of ZSM-5 = 50:1 (Zeolyst).

2.2.6 Preparation of ion-exchanged Ni(ll) and Fe(lll) LTA zeolites

Ni(II)/LTA and Fe(III)/LTA zeolites were prepared in conjunction with Dr Prem Pal
(Indian Institute of Petroleum, Dehradun, India). The classical ion-exchange method was
used. Initially LTA was protonated by NH," ion-exchange and then calcined at 773 K.
Nickel and iron ion containing solutions were prepared by dissolving a known amount of
the respective salt, i.e. Ni(NO;),.6H,0 or Fe(NO;)3.9H,0, in deionised water. A known
amount of protonic zeolite A was then added to either the Ni or Fe 1on containing solution
(1:10 v/v), followed by stirring for 4-8 hours at 298 K. This step was repeated a number of
times. The resultant slurry was filtered and dried at 383 K overnight, and then calcined at

773 K for 16 h. It should be noted that the metal content in the ion-exchanged zeolites was

not measured.

2.2.7 Preparation of phosphide precursors

Binary and ternary transition metal phosphides catalysts were prepared in this work by

reducing the corresponding phosphate doped oxide in methane. The details of which are

given in section 2.3.
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Binary and ternary phosphides that were prepared for this work are listed in Table 2.2-6.
T'he materials employed in the preparation of each phosphide precursor material are also
given. MoP and NiP precursor materials were prepared by using a 1:1or 2:1 molar ratio of
MoOs; or NiO respectively to NHsH,PO4 (Aldrich, 98+%). The required amount of

NH4H,PO4 was dissolved in ca. 15ml of deionised water and was impregnated onto MoOs

or N10 for the preparation of the MoP or NiP precursors respectively, followed by drying
at 373 K overnight and then calcined in air at 773 K for S hours.

~Phosphide | Materials used in preparation of
| phosphide precursor
MoP MOO3
NH4H,PO,
Ni1;,Ps Ni1O
NH4H2PO4
CoMoP MoO;
NH4H2PO4
CO(NO3)2.6H20
NiMoP MoO;
NH;H,POy,
N1(NO;),.6H,O
FeMoP MoOx
NH4H>PO,
FG(NO3 1.9H,0

Table 2.2-6 Materials employed in preparation of phosphide precursors.

The first step in the preparation of the ternary phosphide precursor materials involves
impregnating the 2™ metal nitrates i.e. cobalt, iron or nickel nitrate onto MoO;. The
precursor materials consist of a 1:1:1 molar ratio of Fe/Co/Ni:Mo:P Essentially, the
required amount of Co(NO3),.6H,0 or Ni(NO3),.6H,0 or Fe(NO;)3.9H,0 was dissolved in
deionised water and impregnated onto MoOsz. This was followed by drying at 273 K
overnight and then calcining in air at 773 K for 5 hours. The next step-involved
impregnation with the required amount of NH4sH,POs4 to the material produced in the first

step. This was followed by drying at 273 K overnight and then calcining in air at 773 K
for 5 hours. Stuart Hunter (University of Glasgow, 4" year project student 2005-6) kindly

assisted in the preparation of these phosphide precursor materials.
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2.3 Catalytic testing

To evaluate the activity of the catalysts made for methane dehydroaromatisation for this

study, a microreactor system was designed, built and commissioned, as shown in Figure
2-1.

2.3.1 Reactor design

The tlow-micro quartz reactor was designed to be suitable to carry out methane conversion

in the absence of a gas-phase oxidant.

GC

MFCs

Gas
cylinders

Figure 2-1 flow-micro reactor

The catalyst samples were packed between plugs of silica wool in the quartz reactor vessel.

The reaction temperature was measured using a K-type thermocouple attached to the
outside wall of the reactor vessel at the bed of the catalyst. Although ideally the
temperature within the catalyst bed would be of most interest, the fact that the

thermocouple would not be inert and the low levels of conversion make measurement of

the reactor wall temperature an appropriate compromise.

The outlet line from the end of the quartz reactor was kept at 450 K using Thermolyne

heating tape to prevent the condensation and strong adsorption of higher hydrocarbons
produced during reaction. Product analysis was performed on a HP 5890 gas
chromatograph (GC) using a combination of flame 1onisation detection (FID) and thermal
conductivity detection (TCD) with a Poraplot Q column (25 m) and a Molecular Sieve 13X
column (12 feet) respectively. The GC carrier gas employed was argon (Pureshield, BOC).

The GC set-up was not configured to detect carbon oxides. Therefore where applicable,
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CO and CO, concentrations were monitored by off-line FTIR spectroscopy of the reactor
etfluent stream, which was continuously passed through a flow cell directly attached to the

reactor exit. The spectra were obtained using an impact 410 Nicolet spectrometer and

recorded over a range of 600 to 4000 cm™’, using a total of 16 scans at a resolution of 4cm”

for each spectrum.

2.3.2 Gas calibrations

Calibrations were carried out for methane, ethane, ethylene, propane, benzene, hydrogen
and nitrogen on the flow micro-reactor shown in Figure 2-1. Ethane, ethylene, propane
and benzene detection was performed using the FID. Hydrogen and nitrogen calibrations
were performed using the TCD. Methane detection was carried out using both detectors.
The calibrations were carried out by varying the composition of gas mixtures and by taking
the mean of six consistent measurements for each data point. In all cases, a line of
correlation between the gec area counts and concentration was found. The calibrations were
carried out in order to obtain the response factor for each gas. The response factor of each

gas was used tor the subsequent manipulation of GC data.

In order to calibrate for benzene, its vapour was injected into the FID inlet using a syringe,
at 294 K and atmospheric pressure. This was repeated several times in order to obtain an
average peak area tor the GC ettluent ot benzene (the concentration of benzene was varied
by dilution in the syringe with air). These conditions along with the Clausius-Clapeyron
equation were used to obtain a response tfactor for benzene. Appendix 1 gives the

calculations used for the benzene calibration.

To calibrate for CO and CO,, an IR cell was flushed then filled with a known
concentration of CO and CO,, using a gas mixture which consisted ot 10% H,, 10% CHy,
10% CO, 10% CO; and 60 % Argon (BOC). The IR spectra obtained was then used as a
standard reference (since both the intensity of the bands and the concentration of CO and

CO, are known). Thus the concentration of CO and CO; produced during the reaction

could be calculated.
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2.3.3 Catalytic testing procedure

For a typical catalytic test the experimental procedure was as follows:

0.5g of the catalyst was charged into the reactor between plugs of silica wool. The
catalytic tests were performed at 973 K and atmospheric pressure. The feed gas mixture of
8 ml min"' methane (99.9% CP grade, BOC) and 2 ml min™' nitrogen (BOC, OFN) was
introduced into the reactor through calibrated Brooks mass flow controllers. Typically a
gas hourly space velocity (GHSV) of 840 hr' was employed. Nitrogen was used as an
internal standard. The tail gas was sampled periodically and analysed by GC.

The same conditions as described above were also employed for the reduction of the doped

metal phosphates by methane to the corresponding phosphide. However for these

experiments a reaction temperature of 1023 K was used.

Throughout this work, wherever possible error bars have been employed 1n reaction data
profiles. Error bars were calculated from multiple experiments and using the standard

deviation method.

2.3.4 Manipulation of GC data

Reaction data is reported in terms of specific rates of formation of products rather than

conversion and selectivity data. This approach has been adopted because, at the generally

low levels of conversion which occur, the measurement of a small difference in the GC
data may be subject to a relatively large degree of random error. This is a particular
concern given that the reaction never attains steady state — it 1s either activating or
deactivating. Within the literature, expressing data for this reaction as formation rates is

fairly common practice, egl” ") Appendix 2 gives the equations used for the calculation

of reaction data.

2.4 Catalyst Characterisation

2.4.1 X-ray powder diffraction

X -ray powder diffraction patterns were obtained on a Siemens D5000 diffractometer using

Cu Ka radiation. Powder diffractograms were recorded over a range of 20 values from 5
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to 75 © using a step size of 0.02° and a counting rate of 1.5 s/step. Samples were prepared

by compaction into silicon sample holders.

2.4.2 Laser Raman spectroscopy

Laser Raman spectroscopy was kindly performed by Dr Ann Robin, University of
Strathclyde. The spectra were recorded on a Renishaw Ramascope 2000 spectrometer
which consisted of an integral microscope, a notch filter, single grating and a cooled CCD
detector was used. The spectral range examined was in the region of 400 to 1400 cm".

Excitation at 632.8 nm was delivered by a Spectra Physics 2020 helium-neon laser source

(40mW). The samples investigated were in the fresh/calcined form.
2.4.3 Thermal gravimetric analysis

Thermal gravimetric profiles were recorded on a TA instrument TGA Q 500 series
instrument. The catalyst charge was typically 0.02g, and the flow rate of air used was 90
ml min™'. The catalysts were heated from room temperature to 1173 K in an air stream at a

heating rate of S Kmin™".

2.4.4 Elemental analysis

CHN analysis by combustion was carried out on post reaction samples. This technique

was kindly performed by Mrs. Kim Wilson, University of Glasgow. A CE-440 elemental

analyser was used.

2.4.5 NH;-TPD measurements

NH--TPD measurements were carried out using a TPD apparatus. Betfore adsorption, the
samples (0.15g) were dried in flowing helium (30ml min™') at 873 K for 0.5 h. Pulses of
ammonia gas of known volume (8.62cm3) and pressure (of ca. 150 Torr), were then
introduced to the helium carrier gas, (30ml min"'), from the sample loop at 323 K and
passed over the catalyst until saturation was achieved. Then the catalyst was flushed with

helium for 0.5 h before being ramped from 323 K to 873 K with a heating rate of 15 Kmin’

?

with He as the carrier gas. The amount ot desorbed ammonia as a function of

temperature was detected by a mass spectrometer.
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2.4.6 BET

To calculate the surface area, pore size and pore volume of each catalyst a Flowprep 060
Micromeritics Gemini was used. For this technique a known mass of sample (typically ca.
0.04g), was placed in a tube of known volume and heated under vacuum to 383 K. The
sample tube of each catalyst was then cooled in liquid nitrogen and a known amount of
nitrogen gas was introduced into the cooled tube. The pressure was measured and the
sequence was repeated with successive pulses of nitrogen. As the volume of the system,
the temperature and the amount of gas added with each pulse was known, the expected
pressure in the absence of any adsorption was able to be calculated. Due to the difference

between the calculated pressure and the observed pressure at each point the amount of

nitrogen adsorbed was determined.

2.4.7 Al and *°*Si MAS NMR

*’Al and *°Si magic angle spinning nuclear magnetic resonance (MAS NMR) spectra of the
catalysts were recorded at ambient temperature on a Varian Infinity Plus 400 MHz
spectrometer, operating at resonance frequencies of 104.2 and 79.4 MHz for *’Al and *’Si
respectively. Spectra were measured at a spinning rate of 6 and 5 kHz using a pulse width
of 2.5 and 4.5 us for *’Al and *’Si respectively. Kaolin and TMS (tetramethylsilane) were

used as the external standard references for the aluminium and silicon chemical shifts

respectively. Samples were allowed to hydrate in ambient conditions.

2.4.8 Transmission Electron Microscopy

Transmission electron microscopy (TEM) was pertormed on samples at either the
University of Glasgow or the University of Reading. At the University of Glasgow TEM
was performed with an FEI Tecnai G“20 T20 and samples were prepared for TEM by
gently grinding the sample using an agate mortar and pestle betore adding a few drops of
ethanol. Using a drawn pipette, the suspension was deposited onto a 3mm, 300 mesh holey

carbon copper grid and allowed to dry. Mr. Jim Gallagher, University ot Glasgow, kindly

performed these measurements.

At the University of Reading, TEM was performed with a JOEL 2010FX instrument. The

samples were prepared for TEM by gently grinding the sample using an agate mortar and

pestle under iso-propyl alcohol, the suspension was deposited onto ‘lacey’ carbon support
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film and allowed to dry. Dr Peter Harris, University of Reading, kindly performed these

measurements.

2.4.9 EXAFS

Al K-edge EXAFS experiments were performed at Station 3.4, Daresbury Laboratory
jointly in conjunction with Dr Michael Stockenhuber, Nottingham Trent University. Thin
disc samples were held in a cell, which achieved a vacuum of ca. 10° mbar. Samples were
degassed for one hour at room temperature under dynamic pumping, heated to the
activation temperature with a ramp rate of 5 K/min and then cooled to 383 K. EXAFS data

analysis, predominantly performed by Dr Michael Stockenhuber, used the standard suite of
Daresbury programs, including EXCURV9S.

2.4.10 In-situ FTIR studies

Dr Michael Stockenhuber, Nottingham Trent University, kindly performed in-situ FTIR
studies. The in-situ FTIR studies were performed using an ATI Research Series FIIR
spectrometer operating in transmission mode. The spectrometer was equipped with an in-
situ stainless steel cell with calcium fluoride windows, capable of a base pressure <10-
7mbar. The IR cells containing the samples were degassed for one hour at room

temperature, heated to the activation temperature with a ramp rate ot 5 K/min and then

cooled to 423 K.
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3 Catalytic activity of MoO;/H-ZSM-5

3.1 General introduction

In recent years the production of benzene by the dehydroaromatisation of methane has
attracted a lot of interest, for example“’ '] Within the literature most attention has been
focused towards the production of aromatics. It should be noted that despite the fact that
hydrogen 1s expected to be the major product of the reaction, very few studies in the
literature have reported its quantification. This is very surprising in view of the fact that
the production of hydrogen is at least comparable, and probably greater, interest to that of
benzene by this pathway. The MDA reaction could be viewed as a potential alternative
route to hydrogen production from methane. Direct decomposition of methane to produce
CO-free sources of hydrogen for use of chemical feedstocks in reactions such as ammonia
synthesis and/or for fuel cell applications has been the subject of some interest*" ) and

the MDA reaction may represent one such CO-free route.

3.2 Results and discussion

3.2.1 Influence of reactor material

Ideally, the material of construction of the reactor employed in MDA should play no role
in the chemistry/catalysis of the reaction. Experiments employing an empty stainless steel
reactor demonstrated that stainless steel was not inert under the reaction conditions of
interest. As well as reacting with methane, it is also expected that benzene would undergo
secondary reactions on the stainless steel reactor walls. Therefore, quartz, which is known

to be more inert, was employed as the reactor material in the rest of the work carried out

for this study.

On comparing the catalytic activity of the standard catalyst used throughout this work,

39, MoO+/H-ZSM-5, it was seen that the use of a stainless steel reactor leads to lower

product formation rates than with a quartz reactor. Figure 3.2-1 and Figure 3.2-2 give the

hydrogen and benzene formation rates against time on stream for 3%MoQO;/H-ZSM-5

when both a quartz and stainless steel reactor have been employed.
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Figure 3.2-1 Hydrogen formation rate as function of time on stream for
3%Mo0,/H-ZSM-5 for a quartz and stainless steel reactor.
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Figure 3.2-2 Benzene formation rate as function of time on stream for
3%Mo0O,/H-ZSM-5 for a quartz and stainless steel reactor.

[t is interesting to note that some research groups, for example, Ichikawa and co-workers

have reported some of their reaction data for MDA when they have employed a stainless

154, 70]

steel reactor vesse consequently, they cannot be measuring the intrinsic catalytic

J

activity over the catalyst in these cases.



Sharon Burns 2006 Chapter 3, 39
3.2.2 Reaction data of 3%Mo0O;/H-ZSM-5

Figure 3.2-3 reports the hydrogen and benzene formation rates (the two major products of
the reaction) for the standard catalyst, 3%MoQO3/H-ZSM-5, which was run at 973 K for 6.5
h. The profiles shown are generally similar to those reported in the literature for
comparable catalysts tested under similar conditions, in that there is an initial induction
period, after which the rate of formation of products decline with time on stream. The
gradual deactivation of the catalyst has been attributed to coke formation'””). As is shown
in Figure 3.2-3 hydrogen production has been determined in this study. As already
mentioned, within the literature most groups studying this reaction direct the attention
towards the production of benzene, and it is surprising that apart from a few exceptions,

e.g. (55, 57], so little attention has been given towards the production of hydrogen.
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Figure 3.2-3 Hydrogen and benzene formation rates as a function of time on
stream for 3%MoO;/H-ZSM-JS.

If hydrogen and benzene were the sole products produced, the ratio of their rates would be
expected to be 9, i.e. Equation 2-3. However, as shown in Figure 3.2-4, the ratio 1s closer

to 21, which is indicative of side reactions occurring. There are a number of possible

pProcesses, which can occur to produce hydrogen, including methane cracking, Equation 2-

1, the production of ethylene, Equation 2-2 (believed to be the reaction intermediate), and

the production of benzene, Equation 2-3.

CHi==> € + 2> Equation 2-1



Sharon Burns 2006 Chapter 3, 40

2CH; — CHs+ 2H>5 Equation 2-2
6CH; — Ce¢Hg + 9H> Equation 2-3

When the production of C, hydrocarbons is taken into consideration, the H,: C¢Hg ratio
would be expected to be in the region of 13. The ratio of 21 is indicative of the formation
of heavier aromatics, as reported by others, e.g.”* and coke deposition. Since heavier
aromatics, €.g. naphthalene are generally produced in much lower selectivity than benzene,
1t 1s likely that the major contribution to the higher ratio is from coke formation. This is in
agreement with carbon analysis on post-reaction samples where it was observed that, 4.21
wt.% carbon 1s deposited on 3%MoOs/H-ZSM-5 after 390 min on stream. If the
stoichiometry of the Mo containing phase is assumed as Mo,C, as it is most commonly
reported 1n the literature, then this means that ca.4.08 wt.% C is deposited on the catalyst
as coke. It can also be seen from Figure 3.2-4, that there is a relative constancy of the

hydrogen to benzene formation rate ratio, which implies that the benzene formation and

hydrogen producing side reactions decline at similar rates.
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Figure 3.2-4 The ratio of hydrogen to benzene as a function of time on stream
for 3%Mo0O,/H-ZSM-S.

3 2.3 |sothermal carburisation of MoO;

It has been well documented in the literature that there 1s an induction period at the
beginning of the MDA reactiont” **). this can be seen from Figure 3.2-3, where there is a

short delay before the maximum in product formation is achieved. During this process
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VI | . |
Mo " species are reported to be reduced to Mo' and Mo'" species, attributed to the

conversion of molybdenum oxide into molybdenum carbide. The products of the induction

period are CO,, H,O, CO and H,""".

Recently Iglesia et al.”'! have investigated the isothermal activation pathways of
oxomolybdenum species in ZSM-5 using pure methane at a temperature of ca. 953 K. In
the current study, the isothermal activation of bulk MoO; has been investigated. The
formation rates of the products formed during this study on the isothermal carburisation of
bulk MoOj are presented in Figure 3.2-5. It should be noted that the analysis set-up is not

equipped to detect water, however, this is also an expected product of the reaction.
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Figure 3.2-5 Products formed during the isothermal carburisation of MoO;.

It can be seen from Figure 3.2-5 that the burst in H, formation is associated with a

simultaneous burst of CO (although this product 1s slightly delayed compared to that of
hydrogen). The maximum in hydrogen formation is achieved at ca. 320 min on stream.

The evolution of these products is associated with the carbiding of MoO;. The resultant

XRD pattern following the carburisation of MoO; 1s shown in Figure 3.2-6. The pattern

was checked using the database of the Joint Committee on Powder Diffraction Standards
(JCPDS). The pattern shows reflections at 34.3, 37.3 and 39.4 °20, these reflections are

indicative of a B-Mo,C phase. This pattern agrees well with the reference pattern of -

MOQ_C (PDF 35-787)
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Figure 3.2-6 XRD pattern of MoO; following the isothermal
carburisation in methane.

From reviewing the literature, there does not appear to be many studies regarding the
1sothermal carbiding of MoO; with methane. Most studied have followed the process
using temperature programmed routes with Ho/CH,4 mixtures!’*”’*. However, as previously
mentioned, Iglesia et al. have investigated the isothermal activation pathways of
oxomolybdenum species in ZSM-5 using pure methane. In general terms, relative
concentrations and evolution times of Hy, CO and CO; are markedly comparable to those
evident in Figure 3.2-5. However, in their work the maxima were obtained after ca. 10 min
on stream, in contrast to the ca 320 min observed in Figure 3.2-5. This shows that there is
a massive enhancement of the carbiding rate on dispersion of MoO; on the ZSM-5 matrix.
The nature of the phase transition with time on stream reported in Figure 3.2-5 is consistent
with reports that the 1sothermal reduction ot bulk MoOs; involves an induction period which

has been ascribed to rate determining nucleation or autocatalytic effects'’’.

3.3 Introduction - influence of zeolite support

In recent years, there has been immense interest in zeolite-supported catalysts e.g. "%,
since their frameworks can stabilise TMI (transition metal 1ons), especially when TMI
migrate into intra-crystalline zeolite cavities and/or channels. Moreover, by combining
acid sites with TMI, bi and/or multi-functional catalysts with unique catalytic properties
can be produced. The direct conversion of methane into aromatics and hydrogen over

MoO;i/H-ZSM-5 based catalysts is a typical example of these bi-functional catalytic
properties. Mo/H-ZSM-5 1s a bi-functional catalyst since both the molybdenum species

and the Bronsted acid sites are necessary components of an active catalyst.
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In this work, a short study on supporting MoO; onto Al,O3 and ZrO, supports has been
investigated. From reviewing the literature, it does not appear that MoO; supported on

/Z10; has been previously tested for MDA.

Recently, zirconia has received much interest because of its potential use as a catalyst
support. Some important properties of zirconia include its high thermal stability and both
acld and base functions. Zirconia has been employed as a support in reactions such as
hydroprocessing and oxidation of alcohols'’”.. Brown et al.’®! reported work where
zirconia- supported molybdenum oxide catalysts were prepared using conditions reported
to generate ““ superacidity”. This MoQO3/ZrO; superacidic system could possibly have some
similarities in behaviour with the acidic MoOs/H-ZSM-5 catalyst employed in MDA.
Therefore, the use of zirconia as a support for MoO3 in MDA appears to be a suitable

choice. Alumina has also been chosen as an alternative support, as it has previously been

examined in the literature as a catalyst tor MDA.

3.4 Results and discussion - influence of zeolite support

3.4.1 Reaction data

The hydrogen formation rates as function of time on stream for 3%MoQO;/H-ZSM-5,
5%Mo003/8-Al,05 and “superacidic” 5%Mo03/ZrO, (where ZrO; is a mixed phase of
monoclinic and tetragonal) are given in Figure 3.4-1. It should be noted that it would be
best if the loading of molybdenum oxide on the Al;O3 and ZrO; materials were exactly the
same as the loading of molybdenum oxide on the ZSM-5 supported catalyst. However,

general comparisons between the materials can still be made.
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Figure 3.4-1 Hydrogen formation rate as a function of time on stream for
3%Mo0O;/H-ZSM-5, 5%Mo00,/ZrO, and 5%Mo0./5-Al,0-.

Similar to the standard methane aromatisation catalyst, MoOs;/H-ZSM-5, hydrogen is
continuously obtained for the 5%Mo0O3/6-Al,03 catalyst. There is an initial induction
period 1n the formation of products and the catalytic performance slowly deteriorates with
time on stream. It i1s clear to see that at longer times on stream 1.e. after 100 min, that
5%Mo003/0-Al,0O3 exhibits a lower activity for hydrogen formation than the standard

methane aromatisation catalyst.

There does not appear to be an induction period before the maximum in the hydrogen
formation for the ZrO, supported catalyst, initially, the hydrogen formation rate 1s at its
maximum and declines throughout the remaining time on stream. Apart from at its

maximum, the H, produced for the ZrO, supported catalyst i1s lower than that of the

standard catalyst.

The benzene formation rate against time on stream for the 5%Mo0O;/0-Al,05 catalyst is
given in Figure 3.4-2 and the profile for the standard catalyst, 3%MoO3/H-ZSM-5 1s also
given for comparison. The alumina supported sample, which although produces benzene
to a much lesser extent than the standard sample, does follow the same general benzene
formation profile over the first 200 minutes of the reaction. However, beyond this length
of time on stream benzene is no longer produced. Xu et al =" report a benzene selectivity
of 61% for their MoO3/8-Al,03 catalyst, hydrogen production was not mentioned or

discussed in their work. No benzene was detected for the 5%Mo0O3/ZrO; catalyst.
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Figure 3.4-2 Benzene formation rate as a function of time on stream for
3%Mo03/H-ZSM-5 and 5%Mo00,/5-Al,0-;.

Therefore, 1t has been shown that alumina supported molybdenum oxide is active for
MDA, 1n that both hydrogen and benzene are produced, although to a lesser extent than the
standard catalyst, 3%Mo0O3/H-ZSM-5 and with a limited lifetime. Hydrogen production
for zirconia supported molybdenum oxide is less than that of the standard catalyst. No

benzene was produced for the zirconia supported sample.

From reviewing the literature and the work presented here on comparing supports for
MoO; in MDA, it is evident that the zeolite support in particular, H-ZSM-5, 1s an
important component of an active MDA catalyst. Hence, the best catalytic activity of

MDA is observed when a MoO3/H-ZSM-5 based catalyst 1s employed.

3.4.2 XRD patterns

The XRD pattern of 5%MoQO3/ZrO; in the calcined and post reaction form is given in
Figure 3.4-3. Both fresh and post reaction patterns show no evidence of discrete
molybdenum-containing phases, this reveals that the molybdenum species in the catalyst
must be highly dispersed. The reflections at 28 and 31.5 °20 are characteristic of the
monoclinic phase of ZrO, and the reflection at 30 "26 is characteristic of the tetragonal
phase. It is clear to see from the patterns that the monoclinic phase increases by about 10%
and the tetragonal phase decreases by about 10% on the post reaction catalyst compared to
the fresh/calcined catalyst, this was confirmed by quantitatively calculating the phase

: ' : ’ 79
compositions in the fresh and post reaction samples, using Toraya’s method'””. Therefore,
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it 1 apparent from these patterns that reaction of MoOs/ZrO, with methane under non-

oxidative conditions adjusts the proportion of monoclinic to tetragonal phases in zirconia.
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Figure 3.4-3 XRD pattern of 5%Mo00,/ZrO, in the calcined and post reaction form.

3.5 Introduction — Pd/H-ZSM-5 as a catalyst for MDA

It has been reported in the literature as early as the 1970’s, that transition metal carbides
display some catalytic properties characteristic of the noble metals. In particular, Levy and
Boudart'®” demonstrated that tungsten carbide exhibits catalytic behaviour which is typical
of platinum. For example, they showed that tungsten carbide catalyses the formation of
water from hydrogen and oxygen at room temperature. They suggested that the surface

electronic properties of tungsten are modified by carbon in such a way that it resembles

those of platinum.

The noble metals are expensive, so in some reactions where they are employed as a
component of a catalyst there 1s a possibility for them to be replaced by the relatively
abundant Group 6 metals. For example, Lee et al.®"! have reported that unsupported and

alumina supported Mo,C have similar turnover rates for n-butane hydrogenolysis to Ru/y-

Al,Os.

Since it is believed that during reaction conditions in MDA the active phase of

molybdenum 1s the carbide® ", it appears to be appropriate to compare the catalytic

activity of MoO3/H-ZSM-5 with Pd/H-ZSM-5 in MDA. By analogy with the situation
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described above for tungsten carbide, it could be anticipated that the electronic properties

of molybdenum carbide may resemble those of palladium.

From reviewing the literature, it does not appear that there have been any reports on Pd/H-
LSM-5 as a comparison of MoO3;/H-ZSM-5 for MDA. However, Pt/H-ZSM-5 has been
tested for MDA by Xu et al“*). Xu and co-workers reported that under the conditions they
employed, no benzene was produced over the Pt/H-ZSM-5 catalyst and that methane

conversion was 0.03% at a loading of 2wt.%Pt. Hydrogen production was not reported or

even mentioned 1n their work.

At this point 1t should be noted that throughout the literature it is commonly stated that the
formation of metal carbides is extensive throughout the periodic table, with the exception
of Pd (along with Rh, Ir and Pt) which does not form a carbide, for example 3] However,
there are also reports in the literature, which states that Pd does form a carbide, it was
reported in 1978 that during ethylene hydrogenation at moderate temperature (373 K) that
carbon atoms penetrated into the palladium lattice, and that a solid solution of carbon 1n

palladium was formed (PdC, where 0 < x <0.13) 1%

3.6 Results and discussion — Pd/H-ZSM-5

3.6.1 Reaction data

The hydrogen formation rate against time on stream for 3%Pd/H-ZSM-5 is given in Figure
3.6-1, the data for the standard catalyst, 3%MoO3/H-ZSM-5 1s also given for comparison.
It is very clear to see from the profiles that Pd/H-ZSM-5 does not behave like MoOs/H-
ZSM-5. The Pd catalyst after 50 minutes on stream produces approximately 5 times more
hydrogen than the standard catalyst. The palladium catalyst produced its maximum
amount of hydrogen initially then slowly declined for the rest ot the run. This 1s most
likely due to catalyst deactivation due to carbon deposition. However, the standard

catalyst has an induction period before the maximum in hydrogen formation is obtained.
The Pd/H-ZSM-5 catalyst under the conditions employed 1s much more active for
hydrogen production than the standard catalyst.
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Figure 3.6-1 Hydrogen formation rates as a function of time on stream for
3%Pd/H-ZSM-5 and 3%Mo0O,/H-ZSM-5.

No benzene was produced for the Pd loaded H-ZSM-5 catalyst. Periodic off-line gas-
phase FTIR analysis of the effluent revealed that no carbon oxides were produced during
the reaction. So 1t appears, that PA/H-ZSM-5 1s an active catalyst for producing pure
hydrogen 1.e with no carbon oxides produced as by-products. However, a lot ot carbon
was deposited on the catalyst. Post reaction CHN analysis given in Table 3.6-1 shows that
30%wt of the Pd/H-ZSM-5 catalyst after reaction was coke compared to only 4.08%wt
coke for the standard catalyst. In view of the earlier contrasting comments on palladium
being able to form a carbide, it has not been possible to elucidate 1f 1t does or does not in
this study, the XRD pattern of the post reaction Pd/H-ZSM-5 catalyst, given in Section
3.6.2. shows no reflections indicative of any palladium phases. The wt% of coke based

carbon given for the standard catalyst is the weight after the subtraction of the carbon

which 1s carbidic.

The current study shows that there is little similarity in the behaviour of MoO3/H-ZSM-5
compared to Pd/H-ZSM-5 despite the fact that molybdenum carbide 1s proposed as an
active phase in the former. This observation puts uncertainties to the comparisons that can
be drawn between Mo,C and Pd within this system. Whether this 1s due to the possibility

that Mo-C is not in fact formed in MoO3/H-ZSM-5, requires further investigation.

It should be noted that if molybdenum carbide, in particular, B-Mo,C 1s indeed the active
phase of the molybdenum species in MDA, then when taking into consideration the unit

cell parameters of p-Mo,C, which are, a=3.0124A b=3.0124A c=4.7352A (these
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parameters have been taken from the reference pattern of B-Mo,C from the JCPDS
(reference file PDF- 35-787)) then it is apparent that only a single unit cell of B-Mo,C can
form in the channels of the zeolite (providing the ZSM-5 structure stays intact). As stated
in Chapter 1, the linear pores of ZSM-5 have dimensions of 5.1 x 5.6A and the zigzag
pores have dimensions of 5.4 x 5.6A. If only a single unit cell were formed it would be
electronically very different from the bulk phase. In addition, the spacings of the channel
intersections are longer at ca. 13A but this still only equates to a couple of unit cells.

Therefore 1t 1s unlikely that any comparison can be made with the bulk electronic structure.

Due to the superior H; production that the Pd/H-ZSM-5 catalyst exhibits compared to the
standard MDA catalyst another supported palladium catalyst was prepared and tested for
hydrogen production. The hydrogen formation rate against time on stream for 3%Pd/ &-
Al,Os3 1s given 1n Figure 3.6-2. The profile for 3%Pd/H-ZSM-5 is also given for
comparison. It can be seen that the hydrogen formation for the alumina supported Pd
catalyst 1s greater than that for the zeolite supported Pd catalyst. From this comparison it
can be seen that the support of the catalyst does effect the hydrogen production, 1.e.
alumina 1s a better support for hydrogen production than the zeolite, under the conditions

employed. Again no benzene was produced for the 3%Pd/ 0-Al,O3 catalyst.
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Figure 3.6-2 Hydrogen formation rates as a function of time on stream for
3%Pd/H-ZSM-5 and3%Pd/5-Al;0;.
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3.6.2 XRD patterns of Pd/H-ZSM-5

The XRD patterns of 3%Pd/H-ZSM-5 in both the calcined and post reaction form are
presented mn Figure 3.6-3. The pattern of the calcined 3%Pd/H-ZSM-5 shows the
characteristic reflections of H-ZSM-5 with the main 26 values of ca. 8, 9 and 23-25°. No
palladium containing crystallites could be detected (reflections indicative of palladium
would be visible at 41, 46.5 and 68°). This suggests that Pd crystallites are highly

dispersed on the surface or in the channels of the H-ZSM-5 zeolite and have a particle size

too small as to be detected by the XRD technique.
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Figure 3.6-3 XRD pattern of 3%Pd/H-ZSM-5 in the calcined and post reaction form.

Only reflections indicative of H-ZSM-35 are visible in the XRD pattern ot the post reaction

catalyst. The only apparent visible change between the two patterns is that the post

reaction catalyst appears less crystalline as the peaks are slightly less intense.

3.6.3 Post reaction TGA, CHN and TEM analysis

TGA studies of the oxidation of post-reaction carbon species have been undertaken. The
TGA profiles recorded for the Pd/H-ZSM-5 and standard catalyst, 3%Mo0O3;/H-ZSM-5 are

shown in Figure 3.6-4. The first derivative weight changes for the standard catalyst are

also given, Figure 3.6-5.
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The profile for the standard catalyst has been assigned on the basis of the study by Liu at
al*l. Any weight loss before ca. 250°C is attributed to desorption of adsorbed water. A
weight increase around about 450°C results from the reaction between Mo,C and/or
Mo,C,Oy with oxygen in the air stream. Burning off coke causes the decrease in the
weight from 450°C to 750°C. So, the total amount of carbon on the post reaction catalysts
consists of two parts, the first is carbon in molybdenum carbide and the second is coke,
which, as detailed in the introduction, can be further subdivided!¢’ Any weight loss
between 750°C to 900°C may be due to the sublimation of molybdenum oxide'®’, as MoO;

melts at 795°C and MoQO; is known to sublime and the sublimation process should occur

around this temperature. The vapour pressure of MoQ; at 800°C is 1.7 Pal®**.

As can be seen from Figure 3.6-4 for the standard catalyst, there is no obvious weight
Increase 1n the region where molybdenum carbide, would be expected to be oxidised to
molybdenum oxide, i.e. ca. 450°C. If the stoichiometry of the Mo containing phase is
assumed as Mo,C, then using the post reaction carbon analysis of the 3%MoQ;/H-ZSM-5
catalyst, the carbon content associated with the carbide can be calculated. This means that
4.08%C 1s deposited on the catalyst as coke, while 0.13%C is carbidic carbon. At higher
loadings of molybdenum oxide catalysts, the weight increase in this region should become
apparent. This 1s shown in Chapter 4, where higher loadings of molybdenum oxide post

reaction catalysts have been analysed by TGA.

The first derivative weight changes for the standard catalyst, Figure 3.6-5, show that there

are two peaks in the burning off coke region, at ca. 460 and 590°C, these can be attributed

to low and high temperature coke combustion respectively.

As can be seen from Figure 3.6-4 the post reaction Pd/H-ZSM-5 catalyst has undergone a
weight loss of ca. 32% upon being heated up to 900°C. The weight loss from room
temperature to ca. 100°C can be attributed to water elimination. From Figure 3.6-4 it can
be seen that the Pd/H-ZSM-5 catalyst contains significantly less water than the MoO;/H-
7SM-5 catalyst as the weight change for the standard catalyst 1s noticeably far greater than

that of the Pd/H-ZSM-5 catalyst in the region of room temperature to 100°C.

It should be noted that the anomaly in the profile of Pd/H-ZSM-5 at ca. 600°C in Figure
3 6-4 is due to sensitivity effects in the experimental apparatus. This feature does not
represent true changes in the weight of the sample. The weight loss between 500 and
700°C is due to burning off coke that has been deposited on the catalyst, this weight loss of
about 30% agrees very well with the CHN analysis results which show that 30.24% of the



Sharon Burns 2006 Chapter 3, 52

sample after the MDA reaction was carbon, Table 3.6-1. The post reaction 3%Pd/H-ZSM-

> carbon content is not a surprising finding as Pd 1s an active catalyst for methane
85]

decomposition, (where the products are essentially hydrogen and carbon)'
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Figure 3.6-4 TGA profiles for the post reaction 3%Pd/H-ZSM-5 and
3%MoO;/H-ZSM-S.

Catalyst wt2oC
3%MOO3/H-ZSM-5 4.21
3%Pd/H-ZSM-5 30.24

Table 3.6-1 Post reaction C analysis of catalysts after 390 min on stream.
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Figure 3.6-5 TGA profile for the post reaction 3%MoQO,/H-ZSM-5.
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Post reaction TEM images of Pd/H-ZSM-5 are given in Figure 3.6-6. From the images it 1s
clear that carbon nanotube (CNT) formation has occurred over the catalyst during the
conditions employed in MDA. Several groups have reported on the synthesis of CNTs
through decomposition of hydrocarbons over metal catalysts (often termed chemical

vapour deposition or CVD), though other routes of synthesising carbon nanotubes are

available, such as, arc-discharge and laser vapourisation®¢-*),
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i'gue 3.6-6 Post recti

Zhao et al.”! have reported that CNT formation occurs over a plasma reduced Pd/H-ZSM-
5 catalyst, they conducted methane decomposition over the plasma reduced Pd/H-ZSM-5
catalyst at 700°C. Many authors propose the ‘tip growth’ and ‘base growth’ mechanisms

for the formation of CNTs through decomposition of hydrocarbons over metal catalysts e

**l " Zhao et al report that the CNTs produced over their PdA/H-ZSM-5 catalyst are of the tip
growth kind, i.e. a dense dark region (metal particle) at the tip of the CNT is observed.

From the TEM images presented in Figure 3.6-6, it 1s difficult to say if the nanotubes were
synthesised by the ‘tip growth’ or ‘base growth’ mechanism. However due to the visible
ends being free from any metal particles it is likely that the CNTs were grown via a ‘base
growth’ mechanism. It can be seen that the nanotubes are closed and not open-ended, this
differs to nanotubes of the standard catalyst, 3%Mo0Os/H-ZSM-5, which are open-ended
(although the standard catalyst has been doped with small quantities of additional metals in

this case) TEM images of these post reaction materials are given in Chapter 4.

The nanotube in the TEM image on the left hand side of Figure 3.6-6 is ca. 40 nm in
diameter. This CNT has a ‘stacked-cup’ or ‘herring bone’ like structure. In the literature it
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has been proposed that for CNTs with a ‘herring-bone’ structure, graphene sheets do not

connect but surround a hollow core.

This short investigation on examining the activity of PA/H-ZSM-5 in MDA was carried out
due to the apparent analogous behaviour reported between transition metal carbides and
noble metals. It has clearly been shown that the catalytic behaviour of PdA/H-ZSM-5 is
very different to that of the standard MDA catalyst. Firstly the H, formation rate for the
Pd/H-ZSM-5 catalyst is noticeably greater than that of the standard catalyst, and secondly
no benzene was produced for the Pd based catalyst. The absence of benzene production
for the Pd based catalysts may be due to the reaction intermediate ethylene not being
created by these systems. These results show that either there are uncertainties in the

analogous behaviour of palladium and molybdenum carbide or that molybdenum carbide 1s

not in fact the active phase that it 1s thought to be in the MDA reaction.

Along with the interesting catalytic activity of Pd/H-ZSM-5 that was observed in this
study, it has also been shown that CNTs are produced by the decomposition of methane

over the Pd/H-ZSM-5 catalyst at 700°C.

3.7 Introduction — H; additive in Feed gas

In the literature it has been reported that co-reactants such as O,, CO, CO; and H; can
suppress deactivation processes and improve catalytic activity® °" 1981 " The findings

based on literature reports for O, CO and CO; co-reactants are discussed in following

chapters.

Iglesia and co-workers”? reported that when 3 kPa of H, was added into 85 kPa of CHy,
both methane conversion and benzene formation rate decreased. Overall, they reported

that the selectivity of products was not strongly influenced by H» being added into the feed
gas. Osawa et al.®! report that H, addition (10%) barely atfects the conversion of

methane, but prevents deactivation of the catalyst i.e., benzene formation remained
constant during a 6 h test. They suggested that, in view of equilibrium of the aromatisation
of methane, the addition of hydrogen is unfavourable for the formation of aromatic
compounds. They also suggested that H> addition may decrease catalyst deactivation by
reducing the surface carbon deposits. Consequently, adding hydrogen into the feed gas

may contribute to increasing the total amount of aromatic compounds.

In this study addition of H; 1nto the methane feed gas has been re-examined.
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3.8 Results and discussion - H; additive in Feed gas

3.8.1 Reaction data

The hydrogen and benzene formation rates against time on stream for 3%MoQ3;/H-ZSM-5
where the feed gas comprises of 82% CHj and 1.8% H; with the balance being Ar is given
in Figure 3.8-1 and Figure 3.8-2 respectively, the profiles for 3%MoQs/H-ZSM-5 under
the normal reaction conditions 1.e. where no hydrogen is added to the feed gas are also
given for comparison. It can be seen from Figure 3.8-1, that the shape of the profiles for
hydrogen formation for 3%Mo0O3/H-ZSM-5 with H, added to the feed and under standard

reaction conditions are 1dentical. The hydrogen formation is greater for the catalyst where

hydrogen was added into the feed.
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Figure 3.8-1 Hydrogen formation rate as a function of time on stream for
3%Mo0,/H-ZSM-5 with H, added into feed gas and under standard reaction

conditions.
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Figure 3.8-2 Benzene formation rate as a function of time on stream for

3%Mo0O3/H-ZSM-5 with H, added into feed gas and under standard reaction
conditions.

Again, the profiles for the benzene formation rate for the standard catalyst under standard
reaction conditions and where H, has been added into the feed are similar in shape, Figure
3.8-2. It appears that benzene formation has been slightly suppressed upon addition of
hydrogen, more noticeable at the first point in the profile. Therefore, H, as a co-reactant is
unfavourable for the production of benzene compared to the standard reaction conditions.
To access whether hydrogen addition reduces the overall amount of coke deposited on the

catalyst, post reaction carbon analysis was conducted and the results are given in the

following section.

3.8.2 Post reaction carbon analysis

The post reaction carbon analysis of 3%MoO3:/H-ZSM-5 under standard reaction

conditions and where H, has been added into the feed 1s given in Table 3.8-1. The post

reaction carbon analysis confirms that H, addition into the feed does in fact reduce the

carbon that is deposited on the catalyst compared to when no Hs 1s added 1.e., 3.49%C with

H, in feed and 4.21%C with no H, in feed.
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Catalyst wit%%C
3%Mo0O3/HZSM-5 — standard conditions 4.21
3%Mo0O3/HZSM-35 — Hy m feed gas 3.49

Table 3.8-1 Post reaction C analysis of 3%MoQ,/H-ZSM-5 catalysts after 390 min on stream.

Addition of H, to the methane feed gas has been shown to result in a slight decrease in the
benzene formation rate. The carbon content in the post reaction catalyst has also decreased
compared to when no H is added into the feed gas. Although coke formation has

decreased it does not appear to have a promotional effect on the production of benzene.

3.9 Introduction - “’Al and #Si MAS NMR study of
M003/H-ZSM-5

*’Al and *’Si MAS NMR are both very useful techniques in giving information about the
structure of aluminium and silicon atoms in zeolites. In particular, °’Al MAS NMR gives
direct information relating to the local environment of aluminium nuclei 1n zeolite

195, 96]

structures  whereas ~’Si MAS NMR provides a direct measurement of the way in

which aluminium atoms are coordinated to silicon atoms in the framework of zeolites" .
Moreover ~°Si MAS NMR can be used to determine the framework Si/Al in a zeolite using

the following equation, as reported by Liu et al.>%.

4 4
SI/Al = [ Z / Si(nAl)] / [ Z 1/4n/ Si(nAl)]
N=0

N=0

In this study *’Al and 2%Si MAS NMR measurements of MoO3;/H-ZSM-5 catalysts with

different molybdenum loadings and starting materials of molybdenum are examined.

3 10 Results and discussion - YAl and **Si MAS NMR
study of MoO3;/H-ZSM-5

27A1 MAS NMR spectra of 3, 8.7 and 14.2% wt.Mo00O;/H-ZSM-5 catalysts, where
ammonium heptamolybdate was used as the starting material of the molybdenum
component, together with H-ZSM-5 are given in Figure 3. 10-1. As expected there are two

main peaks. The peak at ca. 53 ppm, is typical of tetrahedrally coordinated framework
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aluminium in ZSM-5 and the peak at ca. —2 ppm can be attributed to octahedral non-

(50, 53, 98, 99

framework aluminium !. Quantification of the NMR spectra was not attempted

because of uncertainty about the NMR visibility of aluminium species in distorted

coordination.

The Al MAS NMR spectra of H-ZSM-5 and 3%MoO3s/H-ZSM-5 are comparatively
similar. This shows the high stability of the ZSM-5 framework upon incorporation of
molybdenum species into H-ZSM-5. Although, it can be seen that there is an increase In
the peak associated with non-framework Al (i.e. -2 ppm peak) in the spectrum of
3%Mo0O;/H-ZSM-5 compared to the spectrum of H-ZSM-5. This indicates that extraction
of framework Al occurs upon incorporation of molybdenum species into H-ZSM-5,
however, 1t should be noted that upon hydration for some zeolites it is possible to make
tetrahedral framework Al octahedral Al. The interaction between molybdenum species and

framework aluminium in this system has been extensively reported in the literature®” 7
100]

200 100 3 -100 200 200 100 0 -100 -200
opm ppm

Figure 3.10-1 27A] MAS NMR spectra of calcined (a) H-ZSM_-S (b) 3%Mo0O;/H-ZSM-5(c)
8.7%Mo0,/H-ZSM-5 (d) 14.2%Mo0./H-ZSM-5 (with ammonium heptamolybdate as the source

of Mo).



Sharon Burns 2006 Chapter 3, 39

On comparing the relative intensity of the peak at —2 ppm with that of the 53 ppm peak of
the 3wt%.MoOQj; sample, with the higher loaded samples ot MoOs 1.€. 8.7 and 14.2%Mo00s,
1t can be seen that it has decreased. This may be due to the evolution of an aluminium
molybdate phase for the higher loaded MoO3; samples. The signal at ca. —15 ppm in the
spectra of 8.7 and 14.2%Mo0O3/H-ZSM-5 has been assigned to octahedral aluminium in
crystalline Al,(MoO4)s on the basis of the study by Liu et al.P”%. They reported that Mo
species interact with the framework Al of H-ZSM-5 and that this interaction increases with
increasing Mo loading and calcination temperature. The strong interaction finally leads to
the extraction of framework aluminium and the formation of a new Al,(MoQ,); phase. If
the Mo loading and calcination temperature are high enough, then all of the framework
aluminium in the zeolite can be extracted and the framework of ZSM-5 collapses. Liu and

co-workers reported that the formation of Al,(Mo00O4); 1s a detrimental feature for MDA.

It should be noted that the signal at ca.-2 ppm for the 3%Mo0Os/H-ZSM-5 catalyst in Figure
3.10-1 has a “liquid-like” NMR appearance. This signal rather than being due to the
conventional octahedral non-framework aluminium may be due to some form of
“disordered” octahedral aluminium. For example, it would be consistent with [AI(H20)6]3+
wherein deprotonation was suppressed by the inherit acidity of the zeolite host. However,
further 2’Al MAS NMR studies would be required to elucidate this further. This “liquid-
like” signal occurs again in Figure 3.10-2 and again in more MoO;/H-ZSM-5 based

catalysts which are presented and discussed in Chapter 4.

An YAl MAS NMR study on MoO3/H-ZSM-5 based catalysts carried out by Zhang et
al.l'% reports the presence of a peak at ca. 30 ppm, which was assigned to penta-
coordinated non-framework aluminium. The absence of this peak in this work implies that
either no penta-coordinated non-framework aluminium species are present 1n these samples
or that these species are “invisible™. In the latter regard, it has been reported that second-
order quadrupole interactions are¢ not completely removed by MASP®! Moreover, 1t has

been reported that the second-order quadrupole interaction, which 1is only partially
averaged by MAS, can lead to sufficient broadening that makes some *’Al signals

. 101
“invisible” in a normal single-pulse MAS NMR experlment[ !

In Figure 3.10-1 there appears to be a slight increase in the line width of the octahedral

non-framework aluminium peak with increasing loading ot Mo. This implies an increase
in the quadrupolar ‘nteraction between the octahedral coordinated aluminium and water
molecules, as magic angle spinning cannot eliminate the quadrupole interaction®"’.

Overall for these samples the interaction between Mo species and H-ZSM-5 1s not strong
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enough to structurally damage the zeolite as 1t can be seen that a large proportion of the

framework aluminium of ZSM-5 has remained.

*’Al MAS NMR spectra of 3, 8.7 and 14.2% wt.MoO3/H-ZSM-5 catalysts, where
molybdenum trioxide was used as the starting material of the molybdenum component are

given in Figure 3.10-2. On comparing these spectra with that of the parent zeolite, ZSM-3,

shown in Figure 3.10-1, it can be seen that there is an increase in the non-framework

aluminium peak upon incorporation of Mo species into H-ZSM-5.

It 1s interesting to note that for the catalysts prepared using molybdenum trioxide as the
starting material of the molybdenum component there does not appear to be a signal at ca.
—15 ppm 1n the spectra, Figure 3.10-2, which was present in the 2’A1 NMR spectra of the
samples prepared by ammonium heptamolybdate, Figure 3.10-1. Therefore, it appears that
the appearance of a Al;(MoQg4)s phase depends on the starting material of the molybdenum

component.
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Figure 3.10-2 27 A1 MAS NMR spectra of calcined (a) 3%Mo0O;/H-ZSM-5(b) 8.7%Mo00O;/H-ZSM-5
(c) 14.2%M0o0O3/H-ZSM-3 (with molybdenum trioxide as the source of Mo).
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On closer analysis of the 2TA1 MAS NMR spectra in Figure 3.10-1 and Figure 3.10-2, it
can be seen that there is a very small peak at ca. 12 ppm. This signal occurs in all of the

(1%} renort a signal at

spectra apart from that of the parent zeolite, H-ZSM-5. Zhang et al.
13 ppm in their ’A1 MAS NMR spectra of Mo/H-ZSM-5 based catalysts. They attribute

the signal-to octahedral non-framework Al in Mo00;.A1,03.nH,0 (where n 1s the

coordination number of H,0, n>1).

The °Si MAS NMR spectra of 3, 8.7 and 14.2% wt.MoOs/H-ZSM-5 catalysts, where
ammonium heptamolybdate was used as the starting material of the molybdenum
component, together with H-ZSM-5 are given in Figurc 3.10-3, the corresponding
chemical shifts and Si/Al ratio for each sample are given in Table 3.10-1. It should be
noted that according to Loewenstien’s rule, Al-O-Al linkage cannot exist in zcolites, H-
ZSM-5 generally only exhibits Si(0Al) and Si(1Al) configurations due to its high Si/Al

ratio.

80 -80 =100 «120 -140 20 30 4100 »120 «140
ppm ppm

r__F_—_—r-.——-*——T—_ﬁ—-—*—ﬁ Wﬂw—ﬂ
80 -80 100 -120 -140 80 80 100 «120 140

ppm ppm

Figure 3.10-3°° Si MAS NMR spectra of calcined (a) H-ZSM-5 (b) 3%MoO3/H-ZSM-5(c)
8.7%Mo00/H-ZSM-5 {d) 14.2%M00,/H-ZSM-5 (with ammonium heptamolybdate as the source
of Mo).
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